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SUMMARY

PROBLEM

Develop, in handbook form, methods which designers can use to accurately predict
the performance of a wide variety of undersea optical imaging systems under a broad spec-
trum of water conditions. Include sufficient background information, analytical resources,
and input data (specification of typical hardware components and the optical properties of
seawater) so that designers previously unfamiliar with undersea imaging systems can hypoth-
esize practical systems, perform quantitative tradeoff analyses, and assess system potential.

RESULTS

1. A comprehensive handbook has been written to systematically describe the pro-
cedure used to predict the performance of underwater optical imaging systems. Analyses of
both conventional and advanced extended-range imaging systems are included in the out-
lined procedure, which consists of sets of formulas, tables, and nomograms. In addition, a
large body of engineering information, acquired from the development and testing of experi-
mental systems and their components, is summarized in this handbook.

2. The system performance analysis is based on a mathematical model of the prop-
agation of light in ocean water; this model has been developed and experimentally verified at
the Naval Undersea Center. Monte Carlo techniques are used to simulate the multiple scatter-
ing of the light by the water.

RECOMMENDATIONS

Engineers should use the analysis procedure described in this handbook for the
following.

1. Perform quantitative tradeoff analyses between competitive types of optical
viewing systems.
2. Optimize the design of viewing systems selected for development.

3. Compare the performance of different optical imaging systems when they are
tested under different water conditions.
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METHOD OF UPDATING AND REVISING THE HANDBOOK

This handbook is designed to be periodically revised to reflect new information on
undersea imaging system technology and related analytical techniques acquired through the
Deep Ocean Technology (DOT) Program. Maintenance and expansion of the handbook is
the responsibility of the Naval Ship Systems Command utilizing the Naval Ship Engineering
Center as Technical Agent.

Because the handbook is published in loose-leaf form, revisions and additions can be
easily made. A “User Comment Return Form” is included as a convenient method of obtain-
ing feedback for additions or amendments. Individuals within the Navy and the nonmilitary
community are encouraged to submit comments and additional data for future revisions of
the handbook. Material received will be reviewed by NAVSEC and considered for possible
inclusion in the handbook at a later date.
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SECTION 1

INTRODUCTION TO UNDERWATER IMAGING SYSTEM DESIGN

The military and civilian necessity for effective underwater imaging™ is extensive. Present
goals include the following.

Long-range search.

Close-range classification and inspection.

The extension of vision to remote undersea work systems.

Large-area mapping of the ocean floor.

Pollution monitoring.

The extension of diver viewing ranges for increased safety and work efficiency.
Maintenance inspection of in-sea installations.

+ Salvage operations, from initial surveys of salvage sites to eventual monitoring of
recovery operations.

Unfortunately, formidable environmental problems challenge progress in underwater imag-
ing. Light is both scattered and absorbed in water, resulting in poor resolution, reduced
contrast, and limited viewing ranges. High pressures and the corrosive action of seawater
pose challenges to hardware design, and changing conditions and an inadequate data bank
make it difficult to accurately predict system performance.

To the program manager, engineer, or scientist responsible for in-ocean systems development,
underwater imaging is an additional problem. Although imaging components often comprise
only a fraction of the total in-ocean system, such as a manned or unmanned submersible,
they affect the total system in a number of significant ways.

Imaging systems often limit the useful range of the work of the total system.

Imaging systems are critical to the survival of the total system, particularly when
used for close-in maneuvering.

Components selected to meet specified viewing ranges and resolutions place size,
weight, and power requirements on the total system.

Significant errors in the initial design phase canlater be costly. The frustration facing the
designer is that it has often been difficult, if not impossible, to predict how well a combina-
tion of imaging components will perform in a given body of water or, conversely, to develop
an appropriate combination of components to meet a specified performance. Even the spe-
cialist in imaging system design has been faced with inadequate resources to reliably predict
the performance of an optical system in the undersea environment.

*“Imaging” in this handbook refers to optical imaging. Although acoustic imaging is a rapidly developing field,
the capabilities of field-operational equipment have not yet been demonstrated.
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This handbook is one approach to this problem. For several years, the Naval Undersea
Center (NUC), under the sponsorship of the Deep Ocean Technology Program, has been
developing an analytical model for accurately predicting the performance of underwater
optical imaging systems. A major feature of this model is its capability to describe the most
significant effects of multiple scattering on imaging system performance. (The role of mul-
tiple scattering increases dramatically as viewing ranges are increased.) The results of this
theoretical research have been summarized in this handbook as nomograms, sets of equations,
and tables of input data which can be used to calculate the performance of various types of
imaging systems. These formulas and tables permit the designer to consider a variety of con-
ventional and advanced system components (sources and receivers), targets, practical view-
ing geometries, and water conditions and to determine system performance under any com-
bination of these parameters. In addition, a large body of engineering information derived
from the development and testing of underwater imaging systems and their components is
summarized in this handbook. This engineering data describes factors such as system cost,
complexity, reliability, maintenance, safety, and operability.

This section of the handbook discusses basic viewing system requirements, defines the scope
of the handbook as it applies to these requirements, and describes the organization of the
handbook.

1.1 VIEWING SYSTEM REQUIREMENTS

The design of any underwater viewing system will depend upon the environment, the plat-
form or vehicle on which the system is used, and the specific use or purpose of the viewing
system.

1.1.1 ENVIRONMENT — Primary environmental parameters or effects which must be con-
sidered in the design of an undersea optical viewing system are listed below.
Light scattering and absorption effects.

+ Refraction at optical interfaces due to the differences in the refractive indices of
water and air.

Pressure effects.
Low-temperature environment and resulting humidity and condensation problems.

+ Corrosion and marine fouling if long submersion times are involved.

1.1.2 VEHICLE — If the viewing system is to be operated from a submarine, small submersi-
ble, cable-controlled vehicle, or self-contained remotely operated vehicle, the power con-
sumption and mechanical configuration must be considered. Other features, which are
important regardless of vehicle type, are system reliability and ease of operation.

Operating Power. Small submersibles or self-contained remotely operated vehicles are gen-
erally battery operated. Energy (power X time) is at a premium because unnecessary power
consumption reduces the maximum duration of the mission. Although cable-operated




vehicles are not energy limited, they are generally power limited due to cable size. When
long cablelengths are involved, the hydrodynamic drag due to the cross-sectional area (and
the corresponding power capacity) of the cable becomes critical.

Size. Minimum size is required for both internal components, such as displays and control
consoles, and externally mounted hardware. Space is generally at a premium inside any sub-
mersible vehicle, and large external size can critically increase drag and reduce speed and
vehicle maneuverability.

Weight. On a small submersible, any substantial weight increase must be compensated by
buoyancy material which can adversely affect the speed/maneuverability characteristics of
the vehicle.

Reliability. For most underwater vehicles, viewing system failure results in abortion of the
dive, and for some critical operations, viewing system failure can also lead to complete mis-
sion failure.

Ease of Operation. Because submersible operators will generally be occupied with vehicle
control, work system operation, etc., operation should be as simple as possible and require
minimum effort and time.

Maintainability. When missions require that vehicles be used in remote locations or when
they impose rigid time schedules, maintainability becomes critical to mission success.

1.1.3 SYSTEM USE — The intended use of the viewing system dictates the relative impor-
tance of the various system parameters.

Range and Resolution. If the system is to be primarily used for vehicle guidance and target
classification, maximum range and resolution will be desired. This system will probably have
a relatively small field-of-view to provide high angular resolution and low source-spreading
losses.

Field-of-View. For general viewing or close-in observation, the advantages of a wide field-
of-view take precedence over high resolution. Because an increase in field-of-view degrades
the angular resolution capability of the system, these features must be traded-off for any
given application. Some situations might need pan-and-tilt mechanisms to provide the de-
sired angular coverage while high resolution is maintained.

Viewing Technique. The optimum system type or viewing technique for a given vehicle will
depend upon system use and the water characteristics which will be encountered. For exam-
ple, extended-range techniques would neither be necessary nor practical for close-in viewing.

1.1.4 SUMMARY - Although the relative order of importance will depend upon the intend-
ed use of the system, the basic system requirements are listed below.



High reliability.

Ease of operation.

Low power input.

Minimum size and weight.

Good range and resolution characteristics.
Adequate field-of-view.

Low cost for development and production.

® NS AW

Low maintenance.
1.2 SCOPE OF HANDBOOK

The information in subsequent sections of this handbook is restricted to electro-optical
receivers, i.e., television cameras and scanning photomultiplier tubes using artificial illumi-
nation sources. Both conventional and extended-range imaging systems are described. (The
extended-range systems have special components for implementing the backscatter-reduction
techniques of polarization discrimination, range gating, and volume scanning.)

The emphasis of the handbook is on performance analysis, which allows the designer to
perform quantitative system tradeoffs. Parameters available for use in the analysis are listed
below.

Source power, beam pattern, and spectral characteristics.

2. Source-receiver separation and the orientation of the optical axes of the source
and receiver.

3. Target reflectance and contrast.

4. Receiver field-of-view and depth-of-field.

5. The f/ and transmission coefficient of the receiver’s optical system.

6. Threshold sensitivity, spectral response, and other performance specifications for

various types of television tubes.

7. Performance characteristics of polarizers and analyzers, electrooptical shutters
and gated image intensifiers, beamscanning optics, and the other specialized
equipment used in the backscatter-reduction systems.

Several analytical resources are available to the user: a simple set of nomograms for the
performance evaluation of conventional systems, worksheets for the evaluation of a large
variety of systems for a simple viewing geometry, and sets of algebraic equations for the
evaluation of a large variety of systems for both the simple and more complex geometries.
In addition, the basic properties of underwater light sources and television cameras are com-
piled in a series of tables and graphs. These resources are outlined in the following section.



1.3 ORGANIZATION OF HANDBOOK

This handbook has been organized into six main sections and three appendices. The specific
organization is as follows.

Section 1. Introduction to Underwater Imaging System Design.

Section 2. Basic Optical Properties of Seawater. This section introduces the basic physics

of imaging in the sea, provides a glossary of commonly used underwater imaging terminology,
describes the instrumentation for measuring the optical properties of seawater, and tabulates
the data essential for subsequent performance analyses.

Section 3. Conventional Underwater Television Systems. This section introduces the four
most common light sources and the five most common television cameras used in underwater
viewing systems. Considerations involved in successful combinations of these sources and
receivers are established, and the data essential to subsequent performance analyses is
tabulated.

Section 4. Extended-Range Techniques. This section discusses three principal techniques for
extending underwater viewing ranges by the reduction of backscattered light: polarization
discrimination, range gating, and volume scanning. Methods of implementing the techniques
are presented, and adequate component data is tabulated to facilitate subsequent analyses.

Section 5. Conventional System Nomogram. This section provides a simple graphical
description of the major tradeoffs involved in the design of a conventional underwater tele-
vision system. This first-order approach to viewing system design can be read and used inde-
pendently of the remainder of the handbook.

Section 6. System Performance Analysis. In this section, the fundamental analytical
resources of the handbook are developed. Three sets of formulas are developed for conven-
tional, polarization-discrimination, range-gated, and volume-scanning systems. The first set
of formulas describes the signal and noise photocurrents generated by imaging and non-
imaging scattered light which is incident on the receiver from conventional illumination
sources. The second set of equations describes the signal and noise photocurrents produced
by lasers or other narrow spectral bandwidth sources. To facilitate hand calculations, the
logarithm is taken of both sets of equations to obtain complementary sets of decibel equa-
tions which are similar to the ‘““sonar equation’ of underwater acoustics. These first two
sets of equations and their decibel counterparts are simplifications and approximations of
the third set of equations which describe a more general viewing system geometry. This
final set of more complex equations is derived in reference 1.1. Sufficient data is provided
in this section so that the designer can evaluate a large range of hypothetical imaging systems
without reliance on external information.




Appendix A. Performance Analysis Worksheets. This appendix consists of two sets of

worksheets designed to facilitate hand calculations of the performance analysis described
in section 6. The first set of worksheets is for evaluating systems that use conventional
light sources, and the second set is for systems that use lasers.

Appendix B. Sample Calculations. This appendix contains sample evaluations of several
practical imaging systems. The samples illustrate proper execution of the analysis scheme
developed in section 6, display the range of information that can be derived, and demonstrate
the applicability of the analysis to realistic imaging systems.

Appendix C. Experimental Validation of the System Performance Analysis. The appen-
dix establishes the validity of the preceding analysis by comparing analytical predictions
with experimental data obtained by the Visibility Laboratory of Scripps Institute of
Oceanography and by the Ocean Technology Department of the Naval Undersea Center.

1.4 REFERENCE

1.1 Naval Undersea Research and Development Center, NUC TP 273. Comparison of
Advanced Underwater Television Systems, by S. Bryant, D. Cozen, R. Fugitt, and C. Funk,
San Diego, California. January 1972.
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SECTION 2. BASIC OPTICAL PROPERTIES OF SEAWATER

This section describes the most important optical properties of seawater, contains a glos-
sary of the most commonly used terms, introduces common water characteristics instru-
mentation, and summarizes important data.

2.1 IMAGING IN THE SEA: BASIC PHYSICS

Seawater and its complex effects on light transmission pose formidable problems to the
designers of underwater imaging systems. The imaging situation in figure 2.1 shows some
of the more important problems. These problems are listed below.

l.  Some source light is scattered out of the beam, and does not reach the target.

2. Some source light is absorbed or converted to a different form of energy, such
as thermal kinetic energy or chemical potential energy, and does not reach the
target.

3. Some source light, scattered backwards into the receiver’s field-of-view, does
not reach the target and tends to reduce the contrast at the receiver.

Some reflected light is absorbed, and does not contribute to the image.

5. Some reflected light is scattered out of the receiver’s field-of-view, and does
not contribute to the image.

6. Some reflected light undergoes small-angle forward scattering, introducing
resolution losses.

These six problems are special cases of three more general problems — attenuation, back-
scatter, and small-angle forward scattering — which will be discussed in this section.

The first of these problems that the system designer must consider is the attenuation of image-
forming radiation due to absorption and scattering. Water selectively attenuates hght as

a function of wavelength or color. Near 4800 A in the blue-green region of the electromag-
netic spectrum, light is transmitted with less attenuation through clear water than it is at
other wavelengths. This peak transmission normally shifts to longer wavelengths as the
amount of dissolved organic material in the water is increased. However, even at peak
transmission, the ability to transmit light over long distances is severely limited. In clear
ocean water, the maximum viewing ranges for advanced imaging systems are a few hundred
feet; in turbid water, imaging is often limited to a few feet. Increasing these distances is
difficult because the light is exponentially attenuated as a function of range.

The second imaging problem for the designer is backscatter. When source light is scattered
into the receiver’s field-of-view by particles in the water, image contrast is degraded. As
more light is backscattered, a visibility condition arises which is similar to that encountered
when automobile headlights are used in fog. Finally, the image contrast becomes so low that
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the image is no longer detectable or recognizable. A variety of techniques and systems have
been devised to combat this phenomenon and are discusscd in later sections of this handbook.

The remaining problem, small-angle forward scattering, can introduce serious resolution
losses. The significance of these losses depends on the nature of the water, the imaging
system and its geometry, and resolution requirements.

These three problems can be quantitatively characterized by a set of optical measurements.
The measured parameters are defined in section 2.2, and typical instruments for perform-
ing these measurements are discussed in section 2.3

2.2 GLOSSARY

The following terms describe the major and minor phenomena which influence underwater
imaging systems.

Absorption. This is the thermodynamically irreversible process by which light energy is
converted to a different form, such as thermal kinetic energy or chemical potential energy,
and is thereby lost from the image-forming process.

Absorption Coefficient, a. This coefficient, which describes the attenuation of light for

a particular wavelength by the absorption mechanism alone, strongly depends on the opti-
cal wavelength. It is related to the attenuation coefficient o and the scattering coefficient
s according to

a=a—s. 2.1
(Typical units: In/m.)

Absorption Limit. (The alternate terminology is photon limit or shot-noise limit.) For a
given light source, this is the range between the target and the receiver at which the num-
ber of arriving photons per resolution element is so small that the photon statistics affect
and degrade the image quality. Insufficient light is collected at the receiver at this limit
to form an image. (Typical units: m.)

Attenuation. This is the process by which light is lost from a collimated beam by two
independent processes: absorption and scattering.

Attenuation Coefficient, a. This coetficient describes the total decrease in the intensity
of the unscattered light of a particular wavelength in a collimated beam according to the
formula

H* = ng‘o‘x. (2.2)

The parameter H} is the initial intensity of the unscattered light, and H* is the intensity
of the unscattered light a distance x away (the water is assumed to be macroscopically
homogeneous). Theoretically, the coefficient « is related to the absorption coefficient a
and the scattering coefficient s according to

a=a+ts. (2.3)



However, the measurement of « is complicated by the necessity of distinguishing unscat-
tered light from the light which has been scattered by very small angles. Because some
scattered light is always collected at the receiver of even the best instruments, the mea-
sured attenuation is actually given by

o' =a+ks, 2.4

where k is some number less than one whose value depends on the instrument. Because
the value of the measured attenuation coefficient depends on the instrument’s design as
well as the properties of the water, the accuracy of reported measurements of the atten-
uation coefficient must be carefully evaluated. (Typical units: 1n/m.)

Attenuation Length. The attenuation length, the reciprocal of the attenuation coefficient
o, is the range at which the unscattered light of a particular wavelength in a collimated
beam is decreased in macroscopically homogeneous water by a factor of 1/e = 0.3679.

As a general rule, large dark objects, such as swimmers in black wet suits, are just visible

at a horizontal distance of about 4 attenuation lengths when there is sufficient underwater
daylight. (Typical units: m.)

Backscatter. Backscatter is that portion of source illumination reflected into the receiver’s
field-of-view by particles and inhomogeneities in the water (exclusive of light reflected by
the target).

Backscatter Coefficient, b. This is the coefficient which describes the amount of light
scattered in the interval: 90 deg << 0 << 180 deg. The coefficient b is related to the volume
scattering function o(6) by

T .
b=2r fo(e)sin 0d6. (2.5)
/2
(Typical units: In/m.)

Backscatter Fraction,n. This parameter is defined by
n = b/s, (2.6)
where b is the backscatter coefficient and s is the scattering coefficient. (Typical units:

dimensionless.)

Backscatter Limit. (The alternate terminology is contrast limit.) For a given light source,
this is the range between the target and the receiver at which the amount of backscatter is
so large that the image contrast is degraded to the point where the image is no longer de-
tectable or recognizable. (Typical units: m.)

Diffuse Attenuation Coefficient, k. This coefficient describes the vertical attenuation of
daylight in seawater according to the equation

H(z,) = H(zl)e_k(z2_zl). 2.7)

2-5



2-6

The parameter H(Zl) is the total irradiance, both scattered and unscattered, which is detec-
ted by an integrating sphere at depth zZy, while H(zz) is the total irradiance measured at
depth Zy. (The water is assumed to be macroscopically homogeneous, and the light is
assumed to have its asymptotic radiance distribution at depths Z) and Z5 (see ref. 2.1).)

An integrating sphere detects the light which is incident from all directions on a small
volume element. By using the appropriate spectral filters, the wavelength dependence of

k can also be measured. (Typical units: 1n/m.)

Irradiance. This is the radiant power per unit area. (Typical units: W/m2.)

Polarization Coefficient of Backscattered Light, xl/b. This parameter gives the fraction of
light which is backscattered from a collimated, linearly polarized beam of light which re-
tains its original polarization. Operationally, ¢/b is defined by

Hmax Hmin

Vot T
Hmax+Hmin

(2.8)

where Hmax and Hmin are the maximum and minimum values of received backscattered
irradiances when a linear analyzer is rotated in front of the receiver.

Scattering. Scattering is the process by which the direction of individual photons is changed
without any other alteration. Because most scattering of light in seawater is the result of
the different sizes of the particles, scattering is nearly independent of wavelength.

Scattering Coefficient, s. The scattering coefficient, which describes the attenuation of
light of a particular wavelength by the scattering mechanism alone, is related to the volume
scattering function g(0) by

T
s=2x f o(6)sin 6d6. - (2.9)
0
(Typical units: 1n/m.)

Small-Angle Forward Scattering. This scattering is caused by the refractive deviations of
light passing through transparent plankton and by temperature and salinity fluctuations.
These processes, which produce a significant amount of light which is scattered by angles
less than 1 deg, degrade the resolution of the imaging system.

Volume Scattering Function, o(8). This function describes the angular dependence of the
light scattered from a small volume element. Operationally, 6(8) is defined by the equation
dI(8) = a(6)HAV, (2.10)

where dJ(8) is the radiant intensity (power/solid angle) of the light scattered from a colli-
mated beam in the volume element dV. The polar angle 8 describes the direction of the



scattered light with respect to the axis of the collimated beam. The irradiance H gives the
power per unit area of the light incident on dV. (Typical units: In/(sr* m).)

Water Window. This is the spectral bandwidth (A1, A9) for which light penetrates seawater
with the lowest attenuation losses. For clear water, the window is centered near 4800 A.

2.3 WATER CHARACTERISTICS INSTRUMENTATION

Water can be characterized by a few unique parameters which can then be used to predict
the performance of real or hypothetical imaging systems in a particular type of water. This
section of the handbook discusses the instrumentation used to measure these water charac-
teristics. The list of instruments is not inclusive; in fact, some of the instruments are not
necessarily ideal, and more development in the ability to measure certain functions is
required. The following discussion, however, should acquaint imaging system designers
with current instrumentation and its associated problems.

Typical measuring meters are listed in table 2.1. General and specific properties of these
meters are discussed in the following sections.

2.3.1 TRANSMISSOMETER — Transmissometers, or a-meters, are used to measure the
spectral volume attenuation coefficient. A basic transmissometer consists of a light source
with a very narrow, highly collimated beam and a receiver with a very narrow field-of-view.
The source and detector are separated by a fixed, known pathlength x. Photocells measure
the radiant output of the source and the irradiance detected at the receiver. From these
measurements, the percent transmission T of unscattered light over the pathiength x can
be determined. The attenuation coefficient is then calculated using

o= —1n(T)/x. (2.11D)

Color filters can be used to determine the dependence of o on the wavelength.

The main problem with transmissometers is the physical impossibility of excluding all of
the scattered light from the irradiance measured by the receiver. The result is a reduced «
as defined in equation 2.4:

o =a+ ks, (2.4)

where 0 <k < 1. By inspection, &' <a. The value of k is determined by the acceptance
angle 6 of the transmissometer. Light scattered by angles less than 6 is not distinguished
from the unscattered light by the transmissometer. Because the volume scattering function
is strongly peaked in the forward direction (small angles) and because « is a coefficient in

an exponential function, large values of /g can introduce considerable error in viewing range
calculations. The Marine Advisors transmissometer (fig. 2.2) accepts all the scattered light
in a 1-deg cone surrounding its optical axis, i.e., 8 = 1 deg. The value of the acceptance
angle for the SRI transmissometer (fig. 2.3) is 6 = 0.17 deg.
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2.3.2 NEPHELOMETER — The nephelometer, or large-angle scattering meter, is used to
determine the volume scattering function o(6). From this function, the scattering coeffi-
cient s and the backscatter coefficient b can be determined by equations 2.9 and 2.5. The
basic operation of the nephelometer is shown in figure 2.4. The light scattered from an
elemental scattering volume is recorded by a photodetector that rotates in a semicircle at
a fixed radius from the scattering volume.

One problem with the nephelometers has been a difficulty in defining the elemental scat-
tering volume. Another problem occurs because the instruments were not designed to mea-
sure scattering at very small angles: Because the volume scattering function is strongly
peaked at small angles, errors occur in attempting to evaluate s by integrating the volume
scattering function that is determined by this instrument.

The Scripps Institute of Oceanography (SIO) nephelometer is shown in figure 2.5.

2.3.3 SMALL-ANGLE FORWARD-SCATTERING METER — Small-angle forward-scatter-
ing meters are used to determine o(8) for very small angles (generally less than 1 deg). Sev-
eral of these meters are in either the proposal stages or in operation. A typical design is
shown in figure 2.6. In this design, a collimated beam from a laser is passed through the
scattering medium. [t then passes through a long focal-length lens (450 mm), and is imaged
on a photographic plate at the focal plane of the lens. Effectively, the laser provides an
infinitely distant point source, and the camera is focused at infinity. In the absence of a
scattering medium, the illuminating beam, depending on how well it has been collimated,
will be focused to a diffraction-limited spot on the film. When a scattering medium is pres-
ent, the focused spot will diverge, yielding a distribution of energy distance versus distance
from the beam center. For single-scattered light, the distance from the center of the beam
is directly related to the angle at which the light is scattered.

Problems inherent in such meters are diffraction effects due to finite optical apertures, mul-
tiple scattering, beam alignment problems, and extraneous scattering from optical surfaces
in proximity to the beam.

The SRI meter (fig. 2.7) is described in reference 2.2. The most widely used small-angle
scattering meter has been developed by SIO and is described in reference 2.3.

2.3.4 MODULATION-TRANSFER-FUNCTION (MTF) METER — Modulation-transfer-
function (spatial frequency response) meters, which measure the MTF of a fixed pathlength
of water, can be used to determine o(f) for small angles. One design works by shining

a light beam through a transparent, variable-frequency bar pattern laid on a rotating disk;
recording the light output at the opposite end of a calibrated pathlength of water; and dis-
playing the output on an oscilloscope (fig. 2.8). Reference 2.4 relates the measured MTF
to the volume scattering function for small angles.

The Tetra Tech MTF meter is shown in figure 2.9.



2.3.5 POLARIZATION METER — The polarization-meter design, shown in figure 2.10, is
designed to measure the degree of polarization, as defined in equation 2.8, of backscattered
light in seawater. The laser output is passed through a rotating beam chopper, a linear
polarizer, and an aperture (to block spurious reflections) into the scattering medium. A
portion of the backscattered light is intercepted by an analyzer-detector module, and the
detector output is displayed on an oscilloscope. The rotating polarizer produces a modula-
tion of the signal at twice the rotational frequency. The maximum signal Hy, ;4 occurs when
the polarizer and analyzer are in the “‘aligned” position, and the minimum signal Hy,j, occurs

when they are “crossed.” This meter, designed and constructed at NUC, is shown in figure 2.11.

2.3.6 ABSORPTION METER — The absorption coefficient can be found by direct substitu-
tion into equation 2.1 if s and « are known (s is found by integrating a nephelometer output).
However, if either of these quantities is unknown or, more commonly, if the accuracy of s

is questionable, the absorption coefficient can be directly measured with an absorption meter.
A simple design is shown in figure 2.12. The operation of the meter can be understood if

the irradiance detector is considered to be an element of a sphere that is concentric about

the source. Because of the symmetry of the source, the total radiant flux through the sphere
can be determined from the flux detected by the irradiance meter. Thus, because the scat-
tered light also passes through the spherical surface, the instrument only measures the loss

in light intensity that is the result of absorption. The meter can be calibrated by measuring
the flux for two distances between the source and the irradiance detector.

Although there are a few sources of error in the measurements made by this meter, they can
be minimized by careful design. One type of error, an intrinsic error, results because scat-
tered light travels farther between the source and the irradiance meter than unscattered
light does. Thus, the scattered light is more attenuated than the unscattered light because
there is a greater probability that it will be absorbed because of its longer pathlength. The
amount of this intrinsic error can be estimated, and it is quite small if the distance between
the source and the irradiance meter is considerably less than 1/s, the mean free scattering
length. The meter must also be calibrated to account for a lack of uniformity in the omni-
directional characteristics of the source. Slight mechanical misalignments also introduce
significant errors, and, with some models, proximity to the surface or submerged objects
introduces reflections that cause errors.

The SRI absorption meter is shown in figure 2.13, and is described in reference 2.5.

2.4 DATA

The data in this section, which is duplicated for convenience in section 6, has been gathered
from the work of several researchers. The distilled water data is from Clark, James, and
LeGrand (ref. 2.1); the bay water data is from Hulbert (ref. 2.6); the coastal water data is
from Pelevin (ref. 2.7); and the deep ocean data is from Matlack (ref. 2.8). Based on these
sources, tables 2.2 and 2.3 were compiled.

29
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Figure 2.2. Marine Advisors transmissometer.

Figure 2.3. SRI transmissometer.
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Figure 2.5. Scripps nephelometer.
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Table 2.1. Typical Water Characteristics Instrumentation.

Meter Function Function
Type Measured Calculated Manufacturer
Transmissometer Percent o SRI
transmission Marine Advisors
Nephelometer o(f) 0(0),s,b SIO
Small-angle forward o(f) a(@), s SRI
scattering SIO
Modulation transfer MTF a(8) Tetra Tech
function (MTF)
Polarization Yy Yy NUC
Absorption a a SRI




Table 2.2. Spectral Variation of the Total Attenuation Coefficient for Light

in Seawater (ln/m).*

Deep
Distilled Ocean Coastal Bay
Lambda Water Water Water Water
400. A30E-01 680E—-01 410E 00 .100E 01
410. 400E—01 .630E-01 395E 00 90SE 00
420. .350E-01 .600E-01 375E 00 .80SE 00
430. .300E-01 S560E-01 360E 00 .705E 00
440. 210E-01 .S40E-01 .343E 00 .628E 00
450. .190E—-01 S520E-01 330E 00 .S556E 00
460. .180E-01 .S00E-01 .320E 00 S512E 00
470. .180E—-01 A490E-01 310E 00 475E 00
480. .200E-01 490E-01 .296E 00 447E 00
490. 250E-01 .S500E-01 .288E 00 A17E 00
500. 360E-01 S60E-01 .282E 00 388E 00
510. .380E-01 .670E-01 273E 00 368E 00
520. 400E-01 J730E-01 263E 00 351E 00
530. 440E—01 .770E-01 257E 00 337E 00
540. S30E-01 850E-01 252E 00 331E 00
550. .690E—01 .920E-01 253E 00 .323E 00
560. .800E-01 990E-01 .254E 00 323E 00
570. 880E—-01 .106E 00 .263E 00 .323E 00
580. .100E 00 J113E 00 272E 00 331E 00
590. 122E 00 119E 00 282E 00 365E 00
600. .186E 00 A25E 00 .288E 00 A429E 00

* 400E—01 equals 0.400 x 10°1,

A400E 02 equals 0.400 x 102, etc.
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Table 2.3. Spectral Variation of the s/a Ratio for Light in Seawater.*

Deep
Distilled Ocean Coastal Bay
Lambda Water Water Water Water
400. 132E 00 J789E 00 412E 01 218E 00
410. .128E 00 909E 00 449E 01 .248E 00
420. .132E 00 .100E 01 495E 01 .288E 00
430. .140E 00 115E 01 532E 01 .343E 00
440, .196E 00 .125E 01 .560E 01 402E 00
450. 191E 00 136E 01 .602E 01 479E 00
460. A83E 00 .150E 01 611E 01 S42E 00
470. .164E 00 .158E 01 .638E 01 .610E 00
480. A31E 00 .158E 01 .659E 01 .674E 00
490. 927E-01 .150E 01 678E 01 J759E 00
500. .576E-01 .115E 01 .706E 01 .865E 00
510. .S00E-01 811E 00 .680E 01 957E 00
520. 436E-01 .698E 00 .611E 01 .105E 01
530. 365E-01 638E 00 S59E 01 .115E 01
540. 281E-01 .545E 00 .515E 01 .119E 01
550. 197E-01 A484E 00 462E 01 .126E 01
560. 156E-01 435E 00 A418E 01 .126E 01
570. J132E-01 395E 00 .378E 01 .126E 01
580. .107E-01 361E 00 339E 01 .119E 01
590. 810E-02 .337E 00 303E 01 973E 00
600. S03E-02 316E 00 260E 01 723E 00

* 400E—01 equals 0.400 x 101,
400E 02 equals 0.400 X 102, etc.
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SECTION 3

CONVENTIONAL UNDERWATER TELEVISION SYSTEMS

This section discusses light sources and television cameras and the basic considerations in-
volved in combining these components into successful underwater viewing systems. The
systems in this section are distinguished from advanced systems because techniques involving
specialized hardware, such as polarization discrimination, range gating, and volume scanning,
are not used to discriminate against backscattered light. Systems incorporating these special
techniques are discussed in section 4.

The relationships between light-source and camera-performance characteristics and the view-
ing problems described in section 2.1 are fully defined in section 6. To facilitate the analysis
of conventional-system performance, adequate resources are available in this handbook to
evaluate the most common light sources and cameras. These sources and receivers are defined
in the following sections, including the corresponding performance data. The data in this sec-
tion is useful by itself and as an input to the analysis in section 6.*

3.1 LIGHT SOURCES**

The light sources in this section represent the most common sources used in underwater view-
ing systems. If a designer wants to evaluate a different type of light source, or a more special-
ized version of one of the following sources, additional data is needed. Lasers, which are more
often used in advanced systems than in conventional systems, are discussed in section 4.

3.1.1 COMMON LIGHT SOURCES — Four general categories of light sources are currently
being used in conventional underwater viewing systems. These are the tungsten filament in-
candescent light, the mercury-vapor arc light, the thallium-icdide-doped mercury-vapor arc
light, and the xenon arc light.

Tungsten Filament Incandescent Light. The tungsten light is characterized by radiant emission
properties which closely approximate those of a blackbody radiator. The tungsten light is ty-
pically designed to operate as a source of blackbody radiation between 2800 and 3400 °K.
The visible radiation produced by such a light is shown in figure 3.1. The operating behavior
of this light has been studied by manufacturers, and data is available (refs. 3.2 and 3.3).

*The conventional-system data that is useful only in section 6 is presented in section 6.
**Most of the material in section 3.1 originally appeared in reference 3.1,
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Figure 3.2 shows that the nominal lifetime of a tungsten light is severely curtailed by over-
power operation; the power supply should, therefore, be regulated to obtain maximum life-
time and luminous output. For example, a 10 percent increase in the supply voltage will
increase the luminous output by 38 percent, but it will decrease the lifetime to 29 percent
of its nominal value. Two other factors which affect the life of tungsten lights are concerned
with control of the evaporation of the tungsten onto the wall of the light envelope. The first
is the darkening of the envelope wall which causes the light output to decay and ultimately
the light to fail because of excessive heat absorption within the envelope. Second, the addi-
tion of iodide to the envelope’s atmosphere creates a cyclic reaction which reduces the accu-
mulation of tungsten on the envelope wall. Because the rate of evaporation is less with DC
power than with AC power, the lifetime of the source is increased.

Mercury-Vapor Arc Light. The mercury-vapor arc light is one of a group of light sources that

uses a current discharge through an ionized gas. As the electrons, which have gained suffi-
cient energy from the arc to exist in excited energy levels about the atoms or to be completely
free, return to the lower atomic energy levels, they radiate energy in the form of light. Their
wavelength is determined by the net difference in the energy of the electron transition. A
complete description of the mechanics of discharge radiation is in references 3.2 and 3.4.

The radiation produced by such a discharge is, among other factors, a function of the excited-
electron, transition-energy level that is characteristic of gaseous atoms and the operating vapor
pressure of gas.

The mercury arc light is useful for illumination applications because a high percentage of its
radiant emission is in the visible region. (Other gases which are commonly used to produce visi-
ble radiation are argon, xenon, neon, and sodium.) The mercury arc is most commonly used
for commercial lighting applications because of its high input-to-output conversion efficiency
(luminous efficiency).

The mercury arc light has been extensively used underwater because its spectral output is
concentrated in small spectral bandwidths or lines, two of which are transmitted fairly well
by seawater. Figure 3.3 shows the mercury spectral lines and their relative intensity; the

blue line at 4358 A and the green line at 5461 A are the mercury lines least attenuated by
seawater. Because the spectral output is not continuous, true color rendition is not achieved
with this light. For this reason, the light is usually used as an efficient source of illumination
for monochrome, closed-circuit, underwater television systems where color rendition is not of
primary importance.

The types of mercury arc lights used in existing underwater light systems were developed for
commercial use, and are designed to operate with a ballast unit (current limiter) specifically
tailored to the voltage level of the AC supply source. These lights are also designed to be
self-starting when the supply voltage is applied. For those submersibles which have only DC
power, the voltage is converted to AC and is reactively ballasted.

Mercury arc lights can generally be operated with either AC or DC sources of current, but are
generally designed specifically for one or the other source for optimum performance. The
choice of AC or DC operation is generally dictated by the type of power available and the
type of stabilization technique selected to regulate the light.



The starting and operating voltages, the energy requirements, and the current levels of an arc
discharge light are governed by factors such as the type of material used as the radiating
source, the initial and steady-state operating vapor pressure of the material, the volume of

the arc discharge envelope, and the electrode separation distance. These factors can be
traded-off to determine the final configuration. Consider the following example. The
mercury arc tubes on Navy submersibles have a relatively large electrode spacing, relatively
low operating pressure, and a third electrode that allows the light to self-start on the available
supply voltage. This commercial configuration results in a relatively large light source (requir-
ing a large reflector for projection) and a long inherent operating life for the light element.

To reduce the required size of the reflector, it is necessary to use a compact or short arc
configuration. However, existing versions of these lights require a starting voltage much higher
than the operating (steady-state) voltage, and the inherent operating life of these arc sources

is lower. Neither of these difficulties is intolerable, but they do indicate the tradeoffs required
to specify any one particular characteristic of an arc discharge source.

Thallium-lodide-Doped Mercury-Vapor Arc Light. It has been found that the spectral radiation
characteristics of a mercury discharge can be modified by adding metal halides to the material
in the arc volume. The emission spectrum of the resulting arc discharge contains the normal
emission lines of the mercury spectrum and the spectral lines that are characteristic of the
added metal. (The mercury lines are usually reduced in intensity.) Several metal halides have
been found to increase the visible output of these hybrid mercury arc lights; among these
halides are thallium iodide, sodium iodide, dysprosium jodide, and indium iodide. The result-
ing lights have electrical characteristics very similar to those of the mercury arc light, but

their net visible radiation is increased and their color rendition is improved. Several investi-
gators have parametrically varied the concentration and composition of the dopant, pressure,
power level, and various arc design parameters in an attempt to increase the luminous efficiency
of these doped lights (refs. 3.5, 3.6, and 3.7). They have concluded that the thallium-iodide-
doped mercury-vapor arc yields the highest efficiency light now known for underwater appli-
cation. This efficiency is gained at the expense of color rendition; however, this problem can
be solved by adding other additives to the thallium iodide to improve the color rendition

with only a slight loss of luminous efficiency. The spectral output of a thallium-iodide-doped
mercury-vapor arc light is shown in figure 3.4.

One of the undesirable operating characteristics of mercury arc lights is the start-up time re-
quired to produce full output radiation. This time depends on the ambient temperature and
the arc tube configuration. The relatively long arc configuration requires up to 13 min to
produce peak output when the ambient temperature of the water is 32 °F, and as little as 6
min when the water temperature is 90 °F. This thermal influence on starting time is explained
by the fact that mercury is almost completely condensed at the ambient temperature of water
(100 °F or less) and operating conditions are achieved only when the arc volume has been
sufficiently heated to vaporize all of the mercury. The rate at which the temperature of the
arc increases is initially a function of the ambient temperature of the arc tube. This start-up
time is a hindrance to submersible operations because the television cameras, with which the
mercury lights are being used, are relatively insensitive to the low illumination levels offered
by the light as it is warmed up. This situation can lead to operational difficulties unless the
lights remain on during the entire mission.
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This problem is aggravated with existing lights because additional time is required when the
light is turned off in which the vapor pressure of the mercury decreases (as the arc cools)
before the available ballast supply voltage is sufficient to reignite the arc. If a light is inad-
vertently turned off, 2 to 4 min are required to achieve full radiant output from the light
(this is in addition to the nominal 6- to 13-min warm-up time). This cooling-time problem
has been solved in short arc lights by using a pulse of voltage and energy that is sufficient to
restrike the arc in a hot light; the same technique can be applied to the existing underwater
mercury lights after circuit and packaging modifications.

Xenon Arc Light. The xenon arc light, which has been used as a source of high-intensity
illumination in light projection systems, operates as a vapor-discharge light with a continuous
spectral emission in the visible region. Its spectral output approximates that of a 6000 °K
blackbody radiator (this output also approximates the light produced by the noonday sun).
Because the output radiation of this light is strong in the violet and blue spectral regions, it
provides a better rendition of these colors than tungsten filament lights do (fig. 3.5).

The xenon light is generally packaged in a compact arc configuration so that the effective size
of the radiating arc is approximately a few millimeters. This configuration allows smaller
reflector geometries and better control of the resulting projected beam.

Because the current must be limited to maintain stable operation of the light, the electrical
properties of the xenon light are similar to those of the mercury arc light. In addition, it is
necessary to provide sufficient energy (approximately 10 to 20 kV for most existing config-
urations) to initially ionize the xenon and start the conduction of current. This starting
pulse can be used to restart a hot light if its amplitude is greater than the minimum required
to initially start a cold light.

The metal halide additives previously mentioned can be added to the xenon arc to modify its
spectral emission. Although the addition of thallium iodide to the xenon arc results in an im-
proved luminous efficiency, the light is still not as efficient as the thallium-iodide-mercury
arc light. However, the thallium-iodide-xenon arc light produces more light output, both
initially and during start up, than does the thallium-iodide-mercury arc light.

Summary. A summary of some of the various light source characteristics is given in table 3.1

3.1.2 LIGHT SOURCE DATA — The following data is of general interest to designers who
want to create a viewing system with one or more of the sources discussed in section 3.1.1.
Additional data appears in section 6.

3.1.2.1 Spectral Radiant Output — The radiant output of each light system considered has
been indicated in figures 3.2 through 3.5. The radiant spectral output curves indicate the
general trend of the light’s power distribution, and can be used to evaluate the effective
radiating power over the bandwidths of interest. To make possible a relatively quick assess-
ment of a given light’s output power within a portion of the water-transmission spectrum,
the data in figures 3.2 through 3.5 has been integrated with respect to wavelength to obtain
a normalized cumulative power curve for the lights within the visible region of the spectrum



(figs. 3.6 through 3.8). To obtain an absolute evaluation, the radiant power conversion effi-
ciency (ratio of radiant power emitted in the 4000- to 7000-A region to electrical power
input) of each of the lights is shown in table 3.2.

By using table 3.2 and figures 3.6 through 3.8, it is possible to compute the radiant power
emitted by these light sources in a given bandwidth. For example, the bandwidth determined
by the combined receiver response and the water-transmission spectral characteristics is appro-
priate for a comparison of relative light source effectiveness in illuminating, spectrally non-
selective reflectors (gray bodies).

A rigorous analytical comparison of the effectiveness of these lights in an underwater applica-
tion requires a computation of the resultant sensor signals, including the effects of light source
output, water transmission, object reflectivity, and sensor response. Because water charac-
teristics vary with location and time, no one light source will be the optimum for use in all
situations.

Table 3.3 compares the radiant conversion efficiency of the four types of light sources for
various spectral bandwidths. These bandwidths, calculated in section 6.1.2, are from table
6.5. The bandwidths are defined so that the transmission loss for a given range at the wave-
lengths A} and A2 is twice as great as the transmission loss at the wavelength Ag. Transmission
loss is a minimum at AQ, and the wavelengths A1 and A2 represent the smallest and largest
wavelengths in the bandwidth, respectively. The radiant conversion efficiency is defined as
the percent of input electrical power which is converted to radiant output power for a given
spectral bandwidth, i.e.,

radiant output power (7\1 ,)\2)

radiant conversion
input electrical power

= 100 percent ‘

efficiency (A y,Ay)

The basic spectral properties of the three different types of water — bay, coastal, and deep —
are in tables 2.2 and 2.3. The values for the radiant conversion efficiencies for the different
bandwidths can be obtained directly from the data in table 3.2 and figures 3.6, 3.7, and 3.8.

Assuming that the receiver has the same spectral responsiveness and that the objects or back-
ground under observation are nonselective reflectors over the different bandwidths, the infor-
mation in table 3.3 indicates that the thallium-iodide-doped mercury-vapor arc light is generally
the most efficient underwater source. (The regular mercury arc lamp has higher efficiency for
long viewing ranges in deep ocean water.) The effect of increasing viewing ranges is readily
apparent in table 3.3. As the viewing distance is increased, the transmission bandwidth be-
comes narrower and the radiant conversion efficiency decreases.

3.1.2.2 Input Data for Section 6 — In addition to the previous light source data and to that
presented in section 6, two specific characteristics are required as inputs to the analysis in
section 6: electrical input power and beam half-angle. Obviously, light sources are available
with a variety of input powers, and reflectors can be designed to give a wide range of beam
angles. (A detailed definition of the half-angle of the beam pattern appears in section 6.2.)
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The designer should choose a source power appropriate to his needs and constraints

and a reflector matched to the general system geometry. Section 3.3 discusses the
selection of an appropriate beam pattern. The collection efficiency of the projection
optics used to produce a given beam pattern is described in section 4.3.2.2. Table 3.4
summarizes the input power, beam pattern, and expected lifetime characteristics of con-
ventional light sources.

3.2 RECEIVERS

Critical tradeoff factors associated with underwater receivers include spectral response and
sensitivity,

Spectral response is important because light can efficiently penetrate water only in a narrow-
band of the visible spectrum. For extended-range viewing, the receiver must respond well

in this band. Fortunately, the spectral response of the common photosensitive materials
used in television cameras is high in the blue-green region. The response depends upon the
type of material used to construct the photosensitive surface, the band gap and the ioniza-
tion energies of the surface, the thickness of the surface, and the absorption by the surface
of protective materials.

Sensitivity in image tubes can vary by three to four orders of magnitude. Therefore, under
absorption-limited conditions, viewing systems using the most sensitive television cameras
can see about 3 attenuation lengths farther than systems that use a standard vidicon. This
increase in range improvement often makes sensitivity the determining criterion in practical
receiver tradeoff studies.

Additional tradeoff considerations are resolution capabilities, cost, ease of operation, and
power input requirements.

Common receivers are discussed in the following section.

3.2.1 COMMON RECEIVER TYPES — The common receiver types that can be applied to
underwater viewing situations are image intensifiers and television cameras.

3.2.1.1 Image Intensifiers. The image intensifier, a light-in light-out device that can be used
alone, is usually used as an input amplifier stage to television cameras. Any number of these
devices can, in principle, be used in series as an input to a television camera, but resolution
losses prohibit such a scheme. The image intensifier consists of a photoemissive cathode,
focusing electron optics, and a screen which is usually a phosphor. When photons strike the
photocathode, a number of electrons equal to the product of the number of incident photons
and the surface quantum efficiency is emitted. These electrons are accelerated by an electric
field until they strike the phosphor. Because the electrons gain energy from the field, more
photons are emitted by the phosphor than were incident on the photocathode, constituting
a gain in image brightness. Unlike those produced by the television systems, these images
are produced without scanning. For remote viewing, image intensifiers are usually coupled
to a television tube by fiber optics or other arrangements.



The overall gain of the standard intensifier is between 30 and 50 times, requiring approximate-
ly 10 kV to produce the necessary electron acceleration. This gain depends on the luminous
efficiency of the photocathode, the coupling efficiency between the photocathode and the
phosphor, the voltage on the intensifier, and the gain of the phosphor. Microchannel plates
have recently been used in image intensifiers to produce an overall gain of nearly 10,000.

3.2.1.2 Television Cameras. The following receivers represent the most common television
cameras. All television cameras use a scanning process, developing at each instant a voltage
that is proportional to the light intensity of a small portion of the image incident on the
camera tube. The varying voltage is transmitted to a display device either by a hardwire link
or by modulation of a transmitted rf carrier wave.

Vidicon Tube. The essential components of a vidicon are a photoconductive target and an
electron gun. When light strikes the target, conductivity increases in the immediate area of
exposure. Because of the increased conductivity, the charge leaks-off, and the areas become
positive with respect to the electron gun. When the electron beam scans the target, it returns
precisely enough electrons to return a given portion of the target to the same potential as the
electron gun. As these new electrons leak-off the given target portion, the current passing
through a load resistance produces the output signal. The sensitivity of vidicon tubes is orders
of magnitude lower than competing varieties of television cameras. (Using a Type V (silicon
diode) photoconductor in the vidicon increases its sensitivity by a factor of three over that of
the standard vidicon which uses a Type II (antimony trisulfide) photoconductor in underwater
applications.) The vidicon’s performance is also impaired by a tendency to smear moving
images (lag) and by the nonuniformity of the photoconductive surface. It is, however,
generally smaller, simpler, less expensive, and more reliable than other image tubes.

Image Orthicon (I0). The image orthicon is a complex television camera which uses a photo-
cathode as its initial sensor. Electrons emitted from the photocathode are accelerated by an
electric field towards a thin, moderately insulating target surface. As these primary electrons
strike the target, they produce secondary electrons which are collected by a fine mesh screen,
leaving positive areas on the target proportional to the intensity pattern-of the image incident
on the photocathode. A beam from an electron gun scans the target, loses some electrons to
the positively charged areas, and then returns (reflects back) to an electron multiplier which
surrounds the electron gun. The output signal is the current from the anode of the electron
multiplier.

The image orthicon is a highly sensitive camera. Problems associated with it are its complexity
and associated unreliability, its size, weight, and power consumption, and its sensitivity to
environmental conditions such as noise, humidity, vibration, and rough handling.

Image Isocon (II). In the image isocon (an improved version of the image orthicon), the elec-
trons arriving at the electron multiplier are those which land on the target and are reflected
at various angles rather than those which are reflected directly back along the electron beam.
Although the signal-to-noise ratio is inherently better because the DC term of the beam is not
involved, fragility and reliability problems are significant.
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Secondary Electron Conduction (SEC). The SEC vidicon uses a photocathode as its input
sensor. Electrons emitted from the photocathode are accelerated by an electric field towards
the SEC target, which usually consists of a supporting layer of A1203, a layer of aluminum
(the signal plate), and a layer of KC1. The primary electrons dissipate their energy in the KClI
by generating low-energy, secondary-emission electrons. The secondary emissions are collected
by the aluminum plate, leaving the KCI1 positively charged in areas that correspond to the
exposed areas on the photocathode. Operation of the camera now approximates that of the
standard vidicon. The beam from an electron gun fills-in the positive areas with a negative
charge, and the dissipation of the charge through a load resistor is the output voltage.

The SEC vidicon has excellent low-light-level capabilities. Because of its relative simplicity
and reliability, compared with the image orthicon, it has dominated the low-light-level tele-
vision field. Its major operating difficulty has been overheating and destruction of the target
when the camera has been exposed to intense light, Westinghouse, however, has recently
developed a more rugged version in which a supporting mesh structure conducts excess heat
from the target.

Silicon-Electron-Bombardment-Induced-Response (SEBIR) Tube. (This tube is also called
the Silicon Intensifier Target (SIT) Tube.) The SEBIR tube operates similarly to the SEC
vidicon; however, a thin silicon wafer, upon which a fine matrix of p-n junctions has been
formed, replaces the SEC’s KC1 layer. In operation, primary electrons accelerated up to
10 kV cause multiple dissociation of the electron-hole pairs. The holes are collected at the
p-side of the diode until the charge is neutralized by the beam from the electron gun. The
dissipation of these electrons through a load resistor is the output voltage.

Although the SEBIR tube is more sensitive than the SEC tube, it does not have the SEC’s
problem of burnout due to high-intensity light, and the gain can be manually controlled by
varying the target voltage from 2 to 10 kV.

3.2.2 RECEIVER DATA — The spectral responses of the three most common photosensitive
surfaces used in underwater television cameras are indicated in figure 6.5. The Type Il (anti-
mony trisulfide) and Type V (silicon diode) photoconductors are used in the vidicon camera
tubes, while the S-20 (multialkali) photocathode is used in the image intensifiers and the 1O,
II, SEC, and SEBIR camera tubes. All of these photosensitive surfaces have good responses
for the spectral bandwidths transmitted through water. In sections 6.1.2 and 6.2.2, a method
is outlined for combining the spectral characteristics of the light source, water medium, and
receiver so that the spectral response of total imaging system can be determined.

The noise-limited resolutions of the various types of television receivers are indicated by the
signal response curves which are given in figure 6.4. These curves, which show the interrela-
tionship of resolution, image contrast, and photocurrent level, are required for a precise ana-
lysis of image system performance. Image contrast is defined as

c=l2-f ' 3.1)




where 17 is the photocurrent which corresponds to the brighter areas of the image and 1] is
the photocurrent corresponding to the darker area. In detail,

ir =ig+in (3.2)
and

. 2 P

170, 5T (3.3)
where ig is the signal photocurrent produced by light reflected from the brighter area on the
target, in is the noise photocurrent produced by the backscattered light, and p5 and p1 are
the reflectances of the brighter and darker areas of the target, respectively. The signal-to-
noise ratio of the output from the receiver depends on both the image contrast and the photo-
current level, and the resolution is a measure of the information content. Therefore, the
greater the image contrast and the photocurrent levels are, the greater the noise-limited reso-
lution of the receiver will be.

Often, only an approximate estimate of system performance is necessary to evaluate a partic-
ular tradeoff, and the designer will not want to spend the time required for a detailed calcula-
tion. The system performance nomograms described in section 5 can be used for this purpose.
For these nomograms, the properties of the different television cameras have been reduced to
threshold sensitivity ranges. These sensitivities correspond to the minimum number of foot-
candles from a standard 2854 °K incandescent source* which must be incident on the face-
plate of the camera tube®* if the receiver is to function properly. The lower sensitivity in
the range corresponds to the high contrast images, and the higher sensitivity corresponds to
the low contrast images. Table 3.5 lists the threshold sensitivity ranges for the different tele-
vision cameras described in section 3.2.1. In using the nomograms, the image illuminance E=
and the image contrast C are usually calculated. Based on these values, it can be determined
from the data in table 3.5 if a particular television camera has sufficient sensitivity. Table 3.5
also provides typical values of other input parameters which are required for a detailed analy-
sis; these parameters include the camera’s field-of-view, the f/ and transmission coefficient of
the receiver’s optics, and the image format area on the photosensitive surface. Because the
values in table 3.5 are only examples, the designer should always use his own data when it

is available. (In the nomograms, the values of f/1.5 and 7= 1.0 are assumed.)

*[t should be noted that the values of the image illuminance E, given by the nomograms do not correspond to the number of
footcandies which are actually incident on the faceplate of the receiver. The value of E s, instead, the number of footcandles
from the standard 2854 °K incandescent source which produces the same photocurrent level as the light from the underwater
source. This distinction is quite important for underwater television systems because the spectral characteristics of underwater
sources are quite different from those of the standard source. Also, typical photosensitivity surfaces have an appreciable
response for light with wavelengths greater than 600 nm, while the value of Ao, the maximum wavelength in the transmission
bandwidths in table 3.3, is less than or equal to 600 nm. The procedure for evaluating E for a particular photosensitive
surface is described in section 6.4.3.

**The photosensitive surface,
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3.3 SYSTEM GEOMETRY

In addition to component characteristics, such as source power, receiver sensitivity. and the
degree to which both the source output and the receiver sensitivity match the spectral trans-
mission window of the water, system performance also depends on geometrical parameters.
These parameters include the source-receiver separation, the beam pattern of the source, and
the field-of-view of the receiver.

For viewing situations where reliability, low power input, and ease of operation are primary
considerations, conventional television systems are strong contenders against those which use
more sophisticated imaging techniques. To achieve maximum image contrast with a conven-
tional system, source-receiver separation should be exploited as fully as possible within the
context of the given application.

The conventional imaging system shown in figure 3.9 consists of a light source and receiver
separated by a distance d and located in a plane a distance R from the target. The half-angle
of source’s beam pattern is given by the angle 61, while the angle 63 specifies the half-angle
of the receiver’s field-of-view. The backscatter volume (the cross-hatched area) is defined by
the intersection of the source’s beam pattern and the receiver’s field-of-view. By increasing
the source-receiver separation d and decreasing the angles 61 and 03, the backscatter volume
is reduced and moved farther from the source-receiver plane. Both of these effects signifi-
cantly reduce the amount of backscatter and increase the image contrast. However, maxi-
mizing d introduces a longer optical pathlength from the source to the target and back to the
receiver, thereby incurring greater attenuation losses. Also, minimizing the angles 6] and 63
reduces the observed target area and increases alignment requirements. The nomograms in
section 5 permit the designer to estimate the effects of these system tradeoffs, while the
detailed analysis in section 6 provides a more accurate evaluation.

3.4 CONCLUSIONS

The following conclusions have been found to be valid for most conventional imaging systems
using the source-receiver-separation technique (ref. 3.8).

1. Inan absorption-limited environment, the maximum underwater viewing range
is strongly dependent on the threshold sensitivity of the detector. Source-receiver separation
has only a minor effect on the maximum viewing range.

2. In a backscatter- or contrast-limited environment, the maximum underwater
viewing range is strongly dependent on source-receiver separation.

3. In either type of environment, image contrast is strongly dependent on source-
receiver separation. For a fixed viewing range, a factor of two increase in source-receiver
separation generally yields about a tenfold increase in image contrast.
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Figure 3.1. Spectral output of the 3400 °K tungsten incandescent source.
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for the tungsten incandescent light.
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Figure 3.3. Spectral output of the mercury-vapor arc light.
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Figure 3.4. Spectral output of the thallium-iodide-doped mercury-vapor arc source.
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Figure 3.5. Spectral output of the xenon arc source.
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Figure 3.6. Normalized radiant output power for the 3400°K tungsten incandescent source.
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Table 3.2. Radiant Conversion Efficiencies.

Light

Radiant Watts/Electrical Watts
(4000 to 7000 &)

Xenon arc
Tungsten incandescent
Mercury-vapor arc

Thallium-iodide-doped
mercury-vapor arc

9.1 percent
11.5 percent

14.6 percent

22.1 percent




Table 3.3. Radiant Conversion Efficiencies for Different Spectral Bandwidths.

Bay Water
Bandwidth Radiant Conversion Efficiencies, percent
Tungsten In- Mercury T1I-Doped Xenon
Range A Ay candescent Arc Hg Arc Arc
2 460 | 600 5.00 7.08 15.4 4.21
4 490 | 600 4.43 7.08 13.7 3.16
6 500 | 590 3.66 7.08 12.8 2.51
8 510 | 590 3.31 7.08 1211 2.22
10 520 | 590 2.93 7.08 11.3 1.94
Coastal Water
Bandwidth Radiant Conversion Efficiencies, percent
Tungsten In- Mercury TI1I-Doped Xenon
Range M h9) candescent Arc Hg Arc Arc
S 430 | 600 5.50 11.6 17.4 S ]
10 470 | 590 4.32 7.08 14.5 3.60
15 480 | 580 3.68 6.08 13.6 3.00
20 490 | 580 3.49 6.08 13.1 2.64
25 500 | 570 2.77 3.68 12.1 2.00
Deep Ocean Water
Bandwidth Radiant Conversion Efficiencies, percent
Tungsten In- Mercury T1I-Doped Xenon
Range A A candescent Arc Hg Arc Arc
10 400 | 540 3.33 7.52 14.9 4.70
20 400 | 510 2.16 7.52 6.25 3.88
30 420 | 500 1.52 4.61 4.82 2.73
40 430 | 500 1.36 4.56 4.27 2.38
50 430 | 500 1.36 4.56 4.27 2.38
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Table 3.4. Summary of Input Power, Beam Pattern, and

Expected Lifetime of Conventional Light Sources.

Half-Angle of Maximum
Source Beam Input
Light Type Expected Life Angle (1) Power (w)
Gas argon laser Can be designed 10 kW

(continuous wave)
Xenon arc (con-
tinuous)

Xenon arc (pulsed)

Mercury-vapor arc
(continuous)

Thallium-iodide-
doped mercury-
vapor arc (con-
tinuous)

Tungsten lamp
(quartz iodide
lamp)

1000 hr
(short arc)

5% 107 to
5% 100 pulses
(i.e., 5 to 50
hr at 30 pps)

>15,000 hr
(long arc)
1000 hr
(short arc)

7000 hr
(long arc)
1000 hr
(short arc)

1000 hr

to be any fixed
angle from 2 to
90 deg

Can be designed
to be any fixed
angle from 2 to
90 deg

10 to 90 deg
(long arc)

2 t0 90 deg
(short arc)

10 to 90 deg
(long arc)

2 t0 90 deg
(short arc)

5 to 90 deg

S J per pulse

<60 pps

2 kW

1 kW

2 kW




Table 3.5. Typical Parameters for Television Cameras.

Camera

Threshold Sensitivity, fc

Low-Contrast Image

High-Contrast Image

Standard vidicon
Silicon-diode vidicon
10

II

SEC

SEBIR or SIT

1072
3x1073
1076
107
1076
1077

Term

Typical Values

Half-angle of receiver’s
field-of-view (in water)

Image format on photo-
sensitive surface of
receiver

f number of receiver’s
optics

Transmission coefficient
of receiver’s optics

101
3 X 1072
1072
1074
1070
1076
Symbol Unit
93 deg
AO m2
f/
;

19,26, 27.5

7.7 X 107 (1/2-in.-image diagonal)
3.1 x 1074 (1-in.-image diagonal)

1.4,1.5,1.8,2.8

Generally about 1.0.
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SECTION 4

EXTENDED-RANGE UNDERWATER IMAGING SYSTEMS

This section introduces three principal techniques that extend underwater viewing ranges
by discriminating against backscattered light: polarization discrimination, volume scanning,
and range gating. Design considerations, component descriptions, and problems involved

in building workable systems from various components are presented. Adequate design
data is also included to provide input parameters for the detailed analysis of the perform-
ance of these systems according to the methods outlined in section 6.

4.1 DESCRIPTION OF EXTENDED-RANGE TECHNIQUES

The basic problems of optical imaging in seawater were introduced in section 2. Of these
problems, backscatter — the light reflected from particles and biological organisms in the
water into the receiver’s field-of-view — is often the limiting factor in achieving longer
viewing ranges. The following sections discuss three techniques which use specialized
hardware to reduce the effects of backscatter on imaging system performance. The geo-
metrical technique of source-receiver separation, which is discussed in section 3 for use
with conventional imaging systems, can be used to additionally reduce the effects of back-
scatter in extended-range imaging systems.

4.1.1 POLARIZATION DISCRIMINATION — This technique uses the polarization differ-
ences between the backscattered light and the light reflected from the target to improve
visibility (fig. 4.1). If a polarized source of illumination is used underwater, much of the
backscattered light will also be polarized and can be blocked with a properly oriented
analyzer which is placed in front of the receiver. Ideally, the light which is reflected from
diffuse underwater targets is depolarized, and approximately 37 percent of this light will
pass through a dichroic analyzer. Because this analyzer attenuates the light reflected from
the target less than it attenuates the backscattered light, the image contrast will be enhanced.
However, the image irradiance (radiant power/area) is decreased by a factor whose value
varies between 4 and 10, depending upon the type of polarizer used, when compared with
the image irradiance produced in an “equivalent” conventional system (same light source,
receiver, and system geometry). The tradeoff between the increase in image contrast and
the corresponding decrease in image irradiance is crucial in determining the effectiveness

of this technique in extending viewing range (ref. 4.1). This tradeoff depends on the radiant
intensity of the light source, the sensitivity of the receiver, the polarization characteristics
of the target, and the values of the polarization coefficient and the other optical properties
of seawater. Source-receiver separation also has a significant impact on the performance of
polarization-discrimination systems.
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The primary advantages of the polarization-discrimination technique are simplicity, low
cost, ease of implementation on existing hardware, and the fact that it does not reduce the
dep’[h-of—field’l< of the viewing system.

4.1.2 VOLUME SCANNING — This technique, which is also called synchronous or raster
scanning, reduces backscatter by reducing the volume of illuminated water which can be
seen by the receiver (fig. 4.2) and by making this volume as distant as possible from the re-
ceiver. Volume scanning uses a narrow, well collimated light source and a receiver with a
narrow field-of-view. Because the instantaneous field-of-view is too small for practical use,
the source and receiver must be synchronously scanned across the desired target area.

The major advantage of a volume-scanning system is its large backscatter reduction, espe-
cially for systems with a wide field-of-view. Disadvantages of this system include (1) the
difficulty in collimating efficient sources to the narrow-beam angles required, (2) the com-
plexity introduced by the requirement for synchronous scanning, (3) the power limitations
of sources suitable for this system, (4) the reduced depth-of-field, and (5) the residual back-
scatter caused by second- and higher-order backscatter.

4.1.3 RANGE GATING — This technique improves image contrast by rejecting all the
backscattered light except that produced by a small volume of water immediately in front
of the target. The special components for a range-gating imaging system are a light source
which produces high-intensity, short-duration pulses of light and a receiver shutter which
can be “opened” and ““closed” very rapidly. As illustrated in figure 4.3, the target is
illuminated with a short pulse of light from the source, and the receiver’s shutter is opened
only when the reflected light pulse returns from the target. While the light pulse is traveling
to and from the target, the returning scattered light is blocked by the closed shutter. For
range gating to be effective, the duration At of the light pulse must be much less than the
time t for the light to travel between the source and the target.

Range gating, unlike volume scanning and polarization discrimination, provides good dis-
crimination against second- and higher-order backscatter because all light rays must travel
at least some minimal distance which is determined by the duration of the light pulse and
the timing of the receiver’s shutter. Because the range-gating system does not depend on
source-receiver separation, the structural position constraints are not as crucial for this sys-
tem as they are for the other techniques. The range-gating system is also a distance-
measuring system, which permits target size to be inferred from image size. The principal
drawbacks of range gating are the system’s complexity and cost, the low average power out-
put of state-of-the-art pulsed sources, and the small depth-of-field. In addition, range gating
becomes less efficient for systems with wide fields-of-view because more backscatter arrives
from the edges of the picture than from the center.

*Depth-of-field, as defined in this handbook, must be distinguished from the normal definition used in photography.
Depth-of-field is defined in this handbook as the variation in viewing range over which a target can be imaged because of
the overlap of the source beam and the receiver’s field-of-view. As shown in figure 4.2, the depth-of-field is identical to
the depth of the common volume.



4.1.4 SYSTEM COMPONENTS — These backscatter-reduction techniques will be discussed
from an engineering design approach in the remainder of this section. Table 4.1 summarizes
the basic components used to construct these systems: components to provide illumination;
components to shape and/or shutter the illumination sources; components to optically
process and shutter the illumination arriving at the receiver; and components for detecting
and converting the returned light into a form of information suitable for electronic
processing.

4.2 POLARIZATION DISCRIMINATION

Polarization discrimination, the backscatter-reduction technique whose effectiveness is most
dependent on local water and target characteristics, is the simplest and least expensive to
operate. For these reasons, there has been an attempt to develop polarization-discrimination
systems that will aid the underwater viewing system when water and target conditions per-
mit, but will not detract from the viewing system’s effectiveness when water conditions and
target characteristics prohibit its use.

4.2.1 DESIGN CONSIDERATIONS — Practical implementation of the polarization-
enhancement system simply involves attaching a polarizer to the underwater source and an
analyzer to the receiver. The effectiveness of the technique will depend upon the
following.

1. The polarization properties of the particular water in which the system is to be
used.

2. The polarization properties of the target.

3. The ability of the system to combat the absorption losses caused by the polar-
izer and analyzer which are used to implement the technique.

Because the polarization characteristics of the target and of the medium at any given loca-
tion are generally uncontrollable, the primary concern of the designer will be to determine
whether this technique will improve his system. The basic hardware specification decisions
are reduced to selecting polarizers and analyzers which have minimal absorption losses.
Properties of various polarizers are listed in table 4.2 and illustrated in figure 4.4.

The design of polarization-discrimination systems should also include techniques for the
rapid removal of the polarizer from the light source and the analyzer from the receiver.
With this capability, the performance of the imaging system will not be degraded under
conditions where polarization discrimination is not effective in improving target contrast
and viewing range.

4.2.2 SOURCE POLARIZER — It is recommended that the polarizer not be a dichroic
(absorption) type. Dichroic polarizers waste power, and tests at Morris Dam showed that
these polarizers warped when placed in front of a 1000-W tungsten lamp because of over-
heating (ref. 4.2). Dichroic polarizers have transmission efficiencies of 21 to 38 percent for
unpolarized light. Although very sensitive television camera tubes, such as the SEC or
SEBIR (table 3.5), can overcome these absorption losses, these tubes are quite expensive.

45
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For these reasons, an advanced type of polarizer, which uses reflectance and interference
effects to obtain polarized beams which contain nearly 90 percent of the original light
(ref. 4.3), is recommended.

Although these high-efficiency polarizers are not commercially available, they can be easily
built to produce either linearly polarized or circularly polarized light. The tradeoff between
the two types of polarization involves alignment problems, target characteristics, and the
rejection of some of the second-order backscattered light. There are no alignment problems
with circular polarizers and analyzers, while the axes of the linear polarizers and analyzers
must be orthogonal to within a few degrees to provide good rejection of the polarized back-
scattered light. Also, experimental measurements indicate that most diffuse targets tend to
depolarize circularly polarized light better than they depolarize linearly polarized light.
However, the linear polarizers and analyzers are able to discriminate against rays of back-
scattered light which have been scattered twice by angles nearly equal to 90 deg.

4.2.3 RECEIVER ANALYZER — The analyzer placed on the receiver should be aligned to
reject all of the polarized backscattered light. A dichroic polarizing filter with a transmission
efficiency of 38 percent is recommended.

4.2.4 POLARIZATION PROPERTIES OF TARGETS — Ideally, if the target has a diffuse
or optically rough surface, the incident polarized light will be unpolarized when it is re-
flected. “This depolarization can be visualized as resulting from multiple reflections at the
diffuse surface. Randomness of the diffuse surface will produce about equal numbers of
odd and even reflections and thus equal left and right circularly polarized components. If
the target surface has high specular reflectance, there will be very little depolarization”
(ref. 4.4).

Experimental Measurements of the Polarization Coefficients of Targets. Because physical
targets are neither perfectly diffuse nor specular, the actual polarization characteristics of
real targets are much more complex than the ideal characteristics. Experimental measure-
ments also indicate that the polarization coefficients are correlated with the target’s re-
flectance coefficients, i.e., “white” targets depolarize better than “black’ targets.

Polarization coefficients of the light reflected from a variety of targets are compiled in
table 4.3. These coefficients, calculated from a set of measurements,* describe how well
the target depolarizes the incident polarized light. The polarization coefficient Y of the
light reflected from the target is defined as the ratio of the polarized reflected light to the
total reflected light which is incident on the receiver, i.e.,

W W, —W

*Private communication from D. L. Phillips, RCA Service Company, Patrick Air Force Base, Florida.



where

W is the amount of reflected light that has the same polarization as the light
emitted by the source,

W, is the amount of reflected light whose polarization state is orthogonal to the
polarization of the light emitted by the source,

Wp = Wl - W2 is the amount of polarized reflected light,
and

Wi =Wy + W, is the total amount of reflected light which is incident on the
receiver.

The angle § in table 4.3 gives the orientation of the normal to the target’s surface with re-
spect to the optical axis of the source. As equation 4.1 indicates, the smaller the value of
Y 1s, the better the target depolarizes the light from the source. Ideally, the bright resolu-
tion elements on the target would have a value of ¥ equal to 0.0, while the dark resolution
clements would have a value of Y equal to 1.0 for maximum contrast enhancement. (If
Y was equal to 1.0, the reflected light from the dark resolution elements would be blocked
by the analyzer, and the image contrast would, therefore, be greater.)

Cooperative Targets. In underwater viewing situations, targets can be classified as either un-
cooperative or cooperative. Uncooperative targets are objects which have not been treated
for ease of optical detection, e.g., enemy hardware, and cooperative targets have special
surface coatings for ease in optical detection and/or recognition. If objects are coated with
a retroreflector such as Scotchlite, the image irradiance and contrast will be greatly in-
creased because the reflected light is not spread-out. In addition, if the objects can reflect
light whose polarization is orthogonal to the polarization of the incident light from the
source, the image irradiance can be doubled and the image contrast significantly improved.

Two different approaches have been used to construct cooperative targets for right-handed
circularly polarized light (RHCP) (ref..4.5). The first involves the use of a two-reflection
retroreflector which reflects the incident light back towards the source for a variety of tar-
get orientations (fig. 4.5, part B). The polarization characteristics of this target can be ex-
plained by resolving the incident RHCP light beam into two linearly polarized light beams.
(The electric vectors of these two orthogonal components of the light beam are 90-deg out
of phase with respect to each other.) For a single reflection from a metal of near-normal
incidence, the phase difference between the two beams is increased by 180 deg. Because

90 deg + 180 deg = 270 deg and because 270 deg is equivalent to -90 deg, the reflected
light is left-handed circularly polarized (LHCP). At the second reflection of the light from
the target, the LHCP light is converted into RHCP light by a process similar to that previous-
ly described, and this RHCP light is then retroreflected back to the light source. The second
approach uses birefringent quarter-wave materials™ and single reflections. One target

*A birefringent material has different indices of refraction for the two orthogonal polarization states into which a beam
of unpolarized light can be resolved. The quarter-wave plate is a sheet of birefringent material whose thickness is such
that a 90 deg or quarter wavelength phase shift occurs between these two polarized components when the unpolarized
beam passes through the sheet.
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consists of a quarter-wave plate and a dimpled metallic reflector (fig. 4.5, part C). The
polarization of this target is explained by again resolving the incident RHCP light into two
linearly polarized components which are 90-deg out of phase. The two-way path through
the quarter-wave plate produces two 90-deg phase shifts between these components, and
one 180-deg phase shift occurs when the light is reflected at near-normal incidence. Because
the total phase shift produced by the target is 360 deg and because 360 deg is equivalent to
0 deg, the returning light will be RHCP. Because the dimpled reflecting surface partially
spreads the reflected light, the target is visible for more than one viewing position and
source-receiver separation can be used to a limited extent.

A target which uses a quarter-wave plate and Scotchlite retroreflective material is shown in
figure 4.5, part D. The Scotchlite is composed of tiny glass spheres of high refractive index
which are partially imbedded in a reflective substrate. The incident light passes through the
quarter-wave plate, is focused onto the reflecting substrate by the spheres, and returns back
through the quarter-wave plate in a direction approximately parallel to the incident beam.
Although the polarization characteristics are the same as for the previously described
model, this target is much more efficient because of its retroreflective action.

4.2.5 POLARIZATION PROPERTIES OF SEAWATER — The polarization coefficient Vb
of backscattered light is defined by equation 2.8. This coefficient describes how much of
the backscattered light remains polarized and can thus be rejected by using the polarization-
discrimination technique. Published measurements of data from which Y, can be deter-
mined are quite rare. From the limited information that is available, the value of Y, appears
to vary between 60 to 75 percent in clear ocean water. When the water becomes more
turbid and contains large particles, the value of Yy, decreases. In San Diego Bay, values of
Yy, as low as 10 percent were measured when grains of sand were suspended in the water.
Reference 4.6 describes a set of measurements from which the relationship of Y, and par-
ticle size can be calculated. Estimates of the polarization properties of different types of
seawater are also given in reference 4.6.

4.3 VOLUME SCANNING

As described in section 4.1.2, the volume-scanning technique reduces backscatter by using
a narrow beam of light and a receiver with a narrow field-of-view to synchronously scan the
target. The volume-scanning approach to backscatter reduction has the following
advantages.

Only one source and one receiver are required for imaging a large field-of-view.

It can significantly increase the absorption- or photon-limited viewing range
when imaging static scenes (slowing the scan rate increases the number of
photons per resolution element).

Two general types of underwater volume-scanning techniques can be used: dot-scanning and
fan-beam-scanning systems. In the dot-scanning system, a small pencil beam of light is
transmitted, and a matching, narrow, circular field-of-view receiver is synchronously scanned
in a two-dimensional pattern with the beam. Two-dimensional rectilinear scanning can be



accomplished by using a two-dimensional raster pattern or by scanning in one dimension
and using a moving vehicle’s forward motion to supply the vertical scan, e.g., an airborne
radiometer. In the fan-beam-scanning system, a fan beam of light is scanned across the
target and a conventional television camera is used as the receiver. Complex post-detection
signal processing is used to reduce the effects of the backscattered light. Because a detailed
discussion of signal processing is beyond the scope of this handbook, the engineering design
information in this section and the system performance calculations in section 6 are re-
stricted to the dot-scanning system.

4.3.1 DESIGN CONSIDERATIONS — Volume-scanniag systems are complex and require
sophisticated components. There are many design decisions to be made which have a crucial
effect on the system’s performance. The choice of the proper light source, scanning mecha-
nism, and receiver depends on many interrelated variables. This section discusses some of
the engineering tradeoffs between the various types of possible system components, and
provides input variables for use in the system performance analysis described in section 6.

4.3.2 LIGHT SOURCES — The choice and the design of the light source are influenced by
factors such as the spectral characteristics, the collection efficiency of the projection optics
used to collimate or focus the beam pattern of the source, and the overall conversion effi-
ciency between the input electrical power and the output radiant power. Because volume-
scanning systems are generally absorption or photon limited, the output radiant power
should be as high as possible. In addition, the spectral output of the source should be
matched to the spectral characteristics of the particular types of water in which the system
is designed to operate. Collimation and focusing of the beam pattern of the source are
critical because the fundamental resolution of the dot-scanning system is limited by the
spot-size of the source beam as it intersects the target.

There are three types of light sources which can be used in volume-scanning systems: lasers,
gas discharge lamps with collimating optics, and high-intensity CRT’s (flying spot scanners)
with focusing optics.

4.3.2.1 Laser Sources — For many applications, lasers are the ideal sources for volume-
scanning systems. They are inherently collimated, and they present a relatively small cross-
section for ease in packaging. However, their overall conversion efficiency between the
input electrical power and the output radiant power is usually less than 0.10 percent. Candi-
date lasers for underwater use are the frequency-doubled Nd:YAG (neodymium :yttrium-
aluminum-garnet), the argon ion, and the xenon ion lasers.

Nd:YAG Laser. These lasers produce a frequency-doubled output at 5320 A which is suit-
able for underwater transmission. In the Q-switch pulse mode, average powers of 1 to 10 W
have been obtained. However, the pulsed mode cannot be used for most velume-scanning
systems because the maximum pulse rates (5000 pps) for existing lasers are not high enough
for high-resolution imaging. In the CW mode, average powers are limited to the milliwatt
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range by the capabilities of the pumping lamp and by the crystal damage which is caused by
the residual absorption, nonhomogeneities, and other crystalline defects of the doubling
crystal.

Argon lon Lasers. Although argon ion lasers have an overall power conversion efficiency of
only 0.05 to 0.10 percent, they are probably the best source for volume-scanning systems.
They have the highest blue-green CW power output of any ion laser including xenon. (The
characteristics of CW xenon ion lasers are similar to those of CW argon ion lasers, and will
not be separately discussed in this section.) Several companies are currently producing
argon ion lasers with a total radiant output of 4 to 6 W in all lines. (The spectral lines of
the argon and xenon ion lasers and the distribution of the radiant power among these lines
are given in table 6.6.) Laboratory argon ion lasers with a total output of 10 W have been
built in the last few months. However, doubling the source output power provides only a
small increase in viewing range, i.e., less than 1 attenuation length, for an imaging system
which is photen limited. Typical head sizes for the 4- to 6-W CW argon ion laser are 8-in.
wide, 6-in. high, and 48-in. long; typical weight is 90 Ib in air. The multiple wavelengths of
the argon ion laser are beneficial when operating in different types of water. The spectral
line at 4880 A is most effective in clear ocean water, and the 5145-A line is most effective in
more turbid water.

The divergence of the light beam from the argon ion laser is 0.2 to 1.0 mrad with initial
beam diameters of approximately 1 mm. In air at a 50-m range, the 1-mrad divergence
beam produces a spot approximately 50 mm (2 in.) in diameter. Forward scattering in
water has a large effect on the beam pattern of a collimated source. Even with severe beam
spreading, the unscattered light within the geometrical beam pattern will produce a spot of
maximum intensity, and some high-resolution data will be available in the image. Sophisti-
cated signal processing might be required to enhance the quality of the image produced by
a spot-scanning system. Precise evaluation of the resolution capabilities of a spot-scanning
system depends upon detailed knowledge of the volume scattering function at small angles
and the ratio of the scattering coefficient to the absorption coefficient at the wavelengths
of interest.

4.3.2.2 Gas Discharge Sources — Gas discharge lamps, such as the xenon and the thallium-
iodide-doped mercury-vapor (T1I Hg) arc lamps, have several advantages. Compared with
other light sources, their overall power conversion efficiency is high (2.0 to 17.0 percent
depending on the required spectral bandwidth — see table 3.3), and large input powers
(1000 W) can be used. In addition, both lamps are relatively rugged, simple, and inexpensive
sources that can withstand exposure to fairly high ambient pressure. Their major disadvan-
tages are the size and collection efficiency of the projection optics required to produce the
highly collimated beam patterns required by volume-scanning systems.

Projection Optics for Arc Lamps. The collection efficiency e4 and the diameter D of the
projection optics required to form a narrow-beam pattern can be determined by some
simple geometrical calculations. Consider the projection optics illustrated in figure 4.6.
The paraboloidal reflector determines the beam pattern, while the secondary spherical




mirror, which is concentric with the arc, is used to redirect forward radiation into the parab-
oloid. The focal length f required to achieve a beam pattern with a prescribed divergence is
given by

X
£ = e 18 4.2
2 tan 91 “4.2)

where x is the length of the discharge arc and 6 is the required half-angle of the beam
pattern. The diameter of the paraboloidal reflector is given by

4 fsin 00

B =l ———r - 4.3
1+cos@0 (4.3)

where 0 is the half-angle of the initial beam pattern of the arc and is determined by the
obstruction of the electrodes. The diameter Dg of the spherical reflector is given by

Dy = 2Rsin 6, 4.4)

where R is the radius of curvature of this mirror. The collection efficiency of the projection
optics is approximately given by ™
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where

Q. = 4m (1 -cos fp) (4.6)
is the solid angle subtended by both reflectors;

Q, = 4n-47 {1 T -0y)}=4nsine 4.7

p = 4m- 7r{ —cos(i-— 0) = 4msin 0 4.7

is the solid angle into which the arc radiates;

*The collection efficiency is equal to the product of the fraction,

of the emitted light which is collected by the paraboloidal and spherical reflectors and the fraction,
Ap-Ag- Ay
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of the collected light which is not blocked by the electrodes and the spherical reflector.



is the cross-section of the paraboloidal reflector;
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1s the cross-section of the spherical reflector;

and
Ap =5 (D-x)

is the area blocked by the electrodes.

(4.8)

(4.9)

(4.10)

4.3.2.3 High-Intensity CRT Sources — High-intensity projection cathode ray tubes have
been used in a dot-scanning-system design for the Navy by Westinghouse (ref. 4.1). The
spot produced by the electron beam on the phosphor serves as a point source of light which
is focused on the target with a large collecting lens. The advantages of this source are listed

below.

An inherent electrical to optical conversion efficiency.

A small source spot which allows high optical collection efficiencies for produc-

ing a narrow-beam angle.

Ease of scanning through electrostatic or electromagnetic deflection, i.e., no

moving parts.

Its disadvantages, compared with other sources adaptable for use with the volume-scanning

system, include the following.

Relatively low power outputs because of the practical limitations of the elec-
tron energy densities impacting a small phosphor surface (this limits the output
to approximately 0.1-W continuous output in the blue-green region of the

spectrum).

Extremely short tube life (approximately 100 hr) because of the strain on the

phosphor and the high demands on the electron gun.

Packaging for pressure environments requires heavy, large housings because of
the large vacuum tube and the large focusing optics necessary to create the

scanning spot.

Substantial increases in output power are not likely to be attained in the near future. As
more power is put into the electron beam, the light output from the phosphor reaches a

saturation point. In addition, as output power increases, the tube life decreases.



4.3.3 SCANNING TECHNIQUES — Three methods can be used in volume-scanning sys-
tems: mechanical scanning, electromechanical scanning, and electrical scanning.

4.3.3.1 Mechanical Scanning — These systems use sets of spinning mirrors, prisms, and/or
lenses to simultaneously scan the narrow-beam pattern of the source and the narrow, instan-
tancous field-of-view of the receiver over the target. Either the same components should be
used to scan both the source and the receiver, or the separate components which individual-
ly scan the source and the receiver should be mechanically slaved together so that the scan-
ning system is automatically self-synchronized. In mechanical-scanning systems, the physi-
cal configuration of the scanner must be continually sensed and converted into an electrical
signal to drive the scanning raster of the television monitor.

Simple operation and the capability to physically synchronize the source and receiver are
the primary advantages of mechanical-scanning systems using rotating mirrors. In each
system, the source and receiver are stationary; only the scanning components (mirrors,
prisms, lenses, etc.) have any motion, and this motion is constant and uniform. Various
gearing or phase-lock techniques can achieve the proper speeds without excessive complexi-
ty. The inertia of the spinning parts assures smooth, uniform scanning, assuming that the
parts can be manufactured with sufficient accuracy. In most mechanical scanners, it is
possible to use the same mirrors for both source-beam and receiver field-of-view scanning by
geometrically placing the various units in proper position. Instantaneous synchronization is
maintained by the scanner itself. Source-receiver separation can be attained by placing a
mirror at some distance from the scanner and reflecting the light from the scene to the
scanner and then from the scanner to the receiver. Range parallax adjustment can be ac-
complished by moving either the detector’s aperture, or source, or by rotating the source-
receiver-separation mirror.

Drawbacks include mechanical wear, gyroscopic reactions, and the necessity of converting
the physical position of the scanner into an electrical signal for the monitor. For the system
to work at standard television rates, one mirror must scan at 15,750 lines per second. This
speed can be reduced with multifaceted mirrors, prisms, or lenses; however, the angular
speed will still be hundreds of revolutions per second. These speeds imply that the system
should be surrounded by a vacuum, which might necessitate a bulky pressure housing, and

that care will be needed to prevent excessive wear or damage caused by gyroscopic reactions.

4.3.3.2 Electromechanical Scanning — These systems use scanning mirrors or prisms mount-
ed on a torsional spring or piezoelectric crystals. Electrical signals are used to deflect the
mirrors so that they can scan the source beam and the receiver field-of-view in a simple
raster pattern.

Electromechanical systems have the following advantages.

Scanning smoothness due to the physical inertia of the scanning mirror.

Reliability because of the lack of moving parts (except for expansion and con-
traction within the spring and crystals).
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The capability to use the same scanner for both the source and the receiver to
achieve automatic self-synchronization.

The inherent connection between the physical position of the scanning mirror
and the driving electrical signals, which can also be used to control the televi-
sion monitor.

Smaller pressure housings than those required for mechanical systems.

A disadvantage of the piezoelectric-scanning system is the limited size of the angles through
which it can scan. Other drawbacks might exist, but testing will be required to determine
them.

A major difference between electromechanical and other scanning systems is that the scan is
sinusoidal in time across the target rather than linear. This is an advantage because tadiant
energy is concentrated in those directions for which the pathlength is greatest in the normal
imaging system geometry. (In the sinusoidal scan, the scanning beam moves slowest at the
edges of the target and fastest at the center of the target.)

4.3.3.3 Electrical Scanning — These systems use a high-intensity CRT light source and an
image dissector receiver. The source, receiver, and monitor are driven by the same electrical
signals.

The all-electrical-scanning system has no moving parts, except the range focus control, and
the signals controlling its scanning are always synchronized. Because the circuits are stand-
ard closed-circuit television modules, parts and sophisticated design are available. The major
drawbacks are the low power output and the short lifetime of the light source and the com-
plex electronics necessary to achieve and maintain source-receiver tracking. In addition,
there is no inherent feedback in the system to insure that the transmitted beam and receiver
field-of-view always overlap at the range of interest. To introduce this feedback would
cause additional complexity.

4.3.4 RECEIVERS — Because the scene is scanned by the techniques previously described,
conventional television cameras are not used for the receiver in a dot-scanning system. The
only equipment needed is a light-detection element.

4.3.4.1 Light Detectors — Two basic types of detectors appear applicable to volume scan-
ning: photomultiplier tubes and solid-state photodetectors. The photomultiplier-tube
category includes the image-dissector tube (scanning photomultiplier) as well as convention-
al photomultiplier tubes.

Photomultiplier tubes are generally the most sensitive, linear, and noise immune of the
detectors. Minimum sensitivities of approximately 1076 fc are possible with rugged photo-
multiplier tubes, and sensitivities of 5 X 10”8 fc can be achieved with the more sensitive
tubes. Photomultiplier tubes are also characterized by high bandwidth and good linearity.
The tubes, however, are vacuum tubes which must be packaged inside pressure housings and
require high voltages (1 to 2 kV). They are also more complicated and expensive than solid-
state detectors.



Solid-state detectors include photosensitive field-effect-transistors (FET’s), transistors,
diodes, photoconductors, and photovoltaic cells; however, all but the photosensitive FET’s
have severe disadvantages. The chief advartages of the photosensitive FET’s, when com-
pared with the photomultiplier tubes, are their cost, ruggedness, and ability to withstand
pressurization. Table 4.4 lists some of the characteristics of several detectors.

4.3.4.2 Receiver Optics — The depth-of-field of a volume-scanning system is determined by
the narrow, instantaneous field-of-view of the receiver (fig. 4.7). Mathematically, the rela-
tionship is approximated by the expression

A =— (4.11)
d+65R

where A is the depth-of-field above (in front of) the average target location, 03 is the half-
angle of the instantaneous field-of-view, and R is the average distance to the target. The
instantaneous field-of-view of the receiver is determined by a field stop or aperture in the
image plane; the image-dissector tube has an internal aperture which can be used for this
field stop. The aperture diameters in image-dissector tubes vary from 0.0005 to 0.010 in.
The exact aperture size required for a dot-scanning system depends on the field-of-view and
the focal length of the receiver’s optical system. The requirement of a constant depth-of-
field* demands a different field-of-view (value of 3) for different values for the viewing
range R. Because the aperture size is fixed, a zoom-lens system is required to vary the value
of 63.

The power utilization efficiency of the volume-scanning system is directly proportional to
the area A, of the entrance pupil of the receiver’s optics. This area can be quite large. Ina
proposed volume-scanning system (ref. 4.7), the value of A, was specified to be 66 in2.

4.4 RANGE GATING

With the range-gating technique described in section 4.1.3, only the target and a small
amount of backscatter in front of the target are imaged.

The range-gating system, however, is extremely complex. Although it is the best method™*
to reduce the detrimental effects of backscatter at long ranges, it is difficult to produce suf-
ficient source power and receiver sensitivities to combat the absorption losses at these dis-
tances. The system does, however, appear to be useful in long-range, narrow field-of-view
applications (ref. 4.2).

¥*
A minimum depth-of-field A is required for an operational system because of the roughness of the ocean floor and the
size of typical targets. Equation 4.]1 can be inverted to determine the value of 0 3 which corresponds to this value of A
at a given range R.

*ak
The range-gating technique is the best method for eliminating backscattered light which has been scattered more than
one time.
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4.4.1 DESIGN CONSIDERATIONS — A range-gating system consists of a light source
which provides short-duration, high-intensity pulses, a receiver with a fast shutter, and a
method for synchronizing the source pulse and the receiver gate. Because the range-gating
technique is effective in eliminating backscattered light, the designer should be primarily
concerned with providing enough receiver sensitivity and average radiant power output from
the source to attain the relatively long viewing ranges which are theoretically possible.™ If
the duration of the light pulse is less than 20 nsec, only a slight amount of backscattered
light will be received under most circumstances. The depth-of-field for a range-gating system
is determined by the pulselength and the duration of the receiver gate. The position of the
depth-of-field in front of the receiver is determined by the time delay for the receiver gate.

Various factors limit the pulse repetition rate. For real-time television viewing, the rate must
be at least as fast as the television frame rate (30 frames/sec). A maximum rate can be deter-
mined from the following premise: A pulse should not be initiated until the target reflection
from the previous pulse reaches the camera. (This eliminates backscatter from new pulses by
allowing only one light pulse at a time in the receiver’s field-of-view.) For example, a 400-ft
range imposes a maximum repetition rate of 1.8 X 10 pps; this rate, however, is beyond the
practical limit of any near-future, range-gating system.

Range-gating systems are complex and require sophisticated components. There are many
design decisions to be made which have a crucial effect on system performance. The choice
of the proper light source, receiver, and electrooptical shutters depends on large numbers of
interrelated variables. This section discusses some of the engineering tradeoffs between the
various system components and provides input variables for the system performance analysis
in section 6.

4.4.2 LIGHT SOURCES — A pulsed light source with a pulselength of approximately 20
nsec is normally required for a range-gating system.™® This duration is a tradeoff between
the depth-of-field and the amount of backscatter which is to be eliminated. Usually, the
depth-of-field (feet) will be approximately 3/8 of the pulse duration (nanoseconds). Thus, a
20-nsec light pulse would produce a depth-of-field of 7-1/2 ft.

The light sources that can be considered for the range-gating system are lasers, short-pulse
flashlamps, and shuttered conventional sources. Data on these sources is given in table 5.4
and section 3.1. It should be recognized that state-of-the-art laser technology is rapidly
advancing and that changes in the relative merits of each source will occur. It should also be

*The ultimate viewing range for a range-gating system is determined by the degradation of resolution by small-angle
scattering.

**4 larger pulse, e.g., 100 nsec, can also be used in a range-gating system if its trailing edge has a sharp - utoff. By keeping
the receiver gate closed until most of the reflected light has passed and by then opening it for just the last portion of
the reflected pulse, only the backscattered light from a small volume in front of the target will be received. Although
a large fraction of the light reflected from the target is lost, the increase in image contrast should more than compensate
for the loss in image illuminance,



noted that these are special-purpose sources, and up to 6 months of development time
might be required to ruggedize them to withstand the imposed operational and environ-
mental requirements.

4.4.2.1 Lasers — For many applications, pulsed lasers are the ideal sources for range-gating
systems. However, the overall conversion efficiency between the input electrical power and
the output radiant power is usually less than 0.1 percent. Candidate lasers for the range-gating
system are solid-state lasers, dye lasers, and gas ion lasers (table 4.5).

Solid State Lasers — The best known solid-state laser for underwater range-gating systems is
the Nd:YAG laser. This laser produces a pulse of 10,640 A, which is frequency doubled
(with a loss of power) to 5320 A using a nonlinear crystal, such as lithium niobate. A small
fraction of the emitted light pulse is used to trigger a timing circuit for the receiver gate. The
rest of the pulse passes through a diffuser and illuminates the target. The diffuser spoils the
coherence of the light, thereby eliminating the speckle pattern in the image. (Objects illumi-
nated by coherent light have a characteristic speckle pattern in their images.)

There are two methods of exciting or pumping laser rods. The first is to pulse pump with a
gas flashlamp, such as xenon. Because of flashtube lifetimes, the pulse rate frequency cannot
be much more than 100 pps. The second method is continuous pumping with a continuous
xenon lamp and high-speed Q-switching with a sonic Q-switch. Pulse rates of 5000 pps can
be achieved with this method.

The continuously pumped laser cannot produce as high an average power as the pulse-pumped
laser because the doubling crystal and the pumping lamp cannot survive the operation need-
ed to produce such continuous high power.

Dye Lasers — These lasers are another possible source for range-gating systems. The dye laser
uses organic dyes which absorb in the ultraviolet and yield stimulated radiation in the visible.
Because of the wide emission bands of these dyes, the lasing action can be tuned (e.g., by
diffraction gratings) to occur at a desired place on a continuum of wavelengths. This feature

is especially attractive for underwater applications because the optimal wavelength for under-
water transmission varies for different kinds of water. The two most common means of pump-
ing dye lasers are with flashlamps and nitrogen lasers. Flashlamps have been used to give out-
puts of a few hundred millijoules in pulselengths of approximately 1/2 usec. These pulselengths
are long when compared with the pulselengths needed for underwater range gating. Nitrogen
lasers, however, can be used to produce short pulses of ultraviolet light. At these short pulse-
lengths, the stimulated emission becomes competitive with the other relaxation processes in
the dyes, and the dyes become very efficient lasers. Some dyes yield efficiencies as high as

50 percent in this mode,>l< although typical efficiencies are approximately 5 percent. Because
of the small power available from even large nitrogen lasers (typical outputs are approximately
5 to 50 mlJ at an efficiency of 1073 to 1074 percent), organic dye lasers pumped by these lasers
have never been used in underwater range-gating systems.

*Private communication with T. G. Pavolpolous, Naval Electronics Laboratory Center, San Diego, California.
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Gas Jon Lasers — Although argon ion lasers are the most powerful lasers for the production
of CW visible radiation, xenon ion lasers are the highest power-pulsed lasers available for
blue-green radiation. The principal spectral wavelengths are'4954, 5008, 5159, 5260, 5353,
and 5396 A, which compare favorably with the spectral transmission characteristics of sea-
water. A pulsed xenon laser has been developed with an average power of 50 W (ref. 4.8).
The minimum pulselength is 0.5 usec, which is too long for underwater range-gating systems.
However, it is now considered feasible to build a pulsed xenon laser with the following
capabilities.

Peak power: 200 kW,
Pulse repetition rate: 5000 pulses/sec.
Pulselength: 20 nsec.

Average power: 20 W,

Despite these high-performance characteristics, there would be several disadvantages to this
laser.

Its overall power conversion efficiency would be low, which is typical of all
lasers.

There would be difficult engineering problems with heat dissipation.

The length of the laser cavity would be 4 ft (the diameter would only need to
be 1 mm).

4.4.2.2 Short-Pulse Flashlamps — Because flashlamps are normally used to excite lasers,
flashlamps have been suggested as an alternative source for range-gating systems. Because
the laser converts only a fraction of the light from the flashlamp into its radiant output,
greater overall power conversion efficiency would result if the light from the flashlamp could
be directly used in the range-gating system. However, there are several disadvantages to using
flashlamps for underwater range-gating sources (ref. 4.9).

The minimum pulselength is approximately 100 nsec which is too long for most
applications.

The expected lifetime of a single flashlamp under normal operating conditions
is between 0.3 and 3.0 hr.

Average radiant power output is estimated to be between 0.5 and 2.0 W in the
spectral bandwidths which are optimal for transmission in seawater.

Some of these disadvantages can be overcome by proper engineering design of the system.
One possibility would be to design a multiple-source system or a multiple-flashlamp single
source.

4.4.2.3 Conventional Sources with Electrooptical Shutters —Another type of range-gating
source uses a conventional light source followed by an electrooptical shutter. The high-power
output and efficiency of a conventional source (e.g., a mercury arc or a thallium-iodide-doped
mercury arc) and the short pulselength of the gate can be used to produce a range-gating
source which is useful for some applications. The Pockels cell (ref. 4.10) and the Fabry-Perot



interferometer (ref. 4.11) have been studied as possible shutters for range-gating systems.
The Kerr cell is another possibility, but it has the disadvantages of requiring a high bias volt-
age (approximately 40 kV) and of having a high capacitance.

The transmittance of the Pockels cell, including the transmittance of a pair of dichroic polar-
izers required for its operation, is approximately 10 percent. The voltage required to drive
the Pockels cell is approximately 3 kV, and good contrast ratios™ can be obtained for full-
beam angles less than 5 deg. Calculations indicate that a Pockels-cell-gated, 200-W, T1I-
doped Hg arc with a 0.3 duty cycle™™ will yield a 0.2-W radiant output in a beam pattern
with a 2.5-deg half-angle. This gives an overall radiant power conversion efficiency of 0.1 per-
cent, which is approximately the same as that of the Nd:YAG laser (this efficiency does not
include the power required to drive the Pockels cell or that which is required by the control
circuitry).

Pockels cells, tested at 3.3 MHz with a 0.3 duty cycle, yield a 90-nsec pulselength. When the
Pockels ccll is operated with a 0.3 duty cycle, the range-gating technique only eliminates
backscatter from the first half of the range to the object. This allows more backscattered
light to reach the receiver than is allowed by a laser range-gating system. (If there is sufficient
source-receiver separation, a conventional imaging system also eliminates more backscattered
light than does the Pockels-cell range-gating system which is operated with a 0.3 duty cycle.)
By using a smaller duty cycle or by gating the receiver so that it only receives a fraction of
the returning pulse, additional backscattered light can be eliminated. However, both these
techniques waste power, and the 0.3 duty cycle is the result of driving the Pockels cell with

a fixed, biased, sinusoidal voltage. To obtain a smaller duty cycle, it would be necessary to
drive the Pockels cell with a train of square pulses with pulsewidths of approximately 20 nsec.
However, because of the capacitive effects, the problems in using a driving voltage of this
type are very severe, and an elaborate matching network would be required to keep the
power needed to drive the Pockels cell at a reasonable level.

The maximum transmission efficiency of the experimental Fabry-Perot interferometer shut-
ter is 6.1 percent, and its contrast ratio is only equal to 4.1 (ref. 4.11). Investigators predict
that an improved shutter could be built, but it is questionable whether the performance char-
acteristics of the new shutter would be better than those of the Pockels cell. Although con-
ventional sources with electrooptical shutters appear to be less effective than pulsed lasers
for range-gating sources, there are certain situations in which they have definite advantages.
Reference 4.1 describes the possible use of a Pockels-cell range-gating system for divers.
(Because the Pockels-cell-shuttered conventional source is small and compact, it is a more
reasonable source for a diver to wear than a pulsed laser.)

#, . . . . . N ! - P, ’ .
The contrast ratio for an electrooptical shutter is the ratio of its transmission coefficient in its ¢ open’’ state to its
transmission coefficient in its “closed” state,

**The duty cycle of an electrooptical shutter is the fraction of time that it is in its “open’ state.
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4.4.3 POST-SOURCE PROCESSING — When a pulsed laser is used for the source in a range-
gating system, several post-source processing operations must be performed. First, the colli-
mated laser beam must be spread to match the field-of-view of the receiver. Second, a diffuser
is needed to spoil the coherence of the laser light and to remove any ‘“‘hot spots™ or spatial
inhomogeneities in the beam pattern.

Synchronization of the laser pulse and the receiver gate has been a problem in range-gating
systems. The most common method has been to sample a tiny fraction of the laser pulse and
to use it to initiate a trigger circuit for the receiver gate (ref. 4.12). However, this method
results in a minimum range limitation for the system. Because of the electrical time delay in
the trigger circuit, the receiver gate cannot be opened immediately. Therefore, if the target
is closer than the minimum distance determined by this electrical time delay, it cannot be
seen. The use of a trigger pulse which is initiated prior to the laser output, such as a pulse
from the laser Q-switch, has eliminated this problem. The success of this latter method
depends upon the stability of the delay between the Q-switch initiation and the laser output
in the particular laser chosen for the source.

4.4.4 PRERECEIVER PROCESSING — The range-gating system requires that the receiver
as well as the source be gated. In addition, if the receiver is to exhibit high sensitivity, large
aperture optics are necessary and the transmission coefficient of the receiver gate should be
as high as possible. Pockels cells, Fabry-Perot interferometers. and image-intensifier tubes
can be used as the receiver’s shutter. The first two shutters have serious disadvantages: low
transmission coefficients and poor contrast ratios for large fields-of-view (section 4.4.2.3).
The image-intensifier, however, has an effective transmission coefficient™ much greater than
one.

There are several types of image intensifiers: electrostatic-focusing tubes, electromagnetic-
focusing tubes, and proximity-focusing tubes. Electrostatic tubes with gating electrodes
produce distortion and loss of resolution when gated with short pulses. (The loss of resolu-
tion is a result of a voltage-controlled focus.) The focusing properties of the proximity-
focused tubes are not sensitive to voltage, and there are no gating electrodes; the gate voltage
is applied directly between the planar anode and cathode.

All image-converter shutters have the problem of space-charge build up. The photoelectrons
emitted by the unwanted backscatter build up a space-charge cloud and are accelerated to

the anode with the arrival of the gate pulse, producing an unwanted background because of
the backscatter. The solution has been to operate the image converter with a low forward bias.

4.4.5 RECEIVERS — To obtain the extended ranges which are theoretically possible with
the range-gating technique, the receiver should be as sensitive as possible. The ideal receiver

*The transmission coefficient of an optical device is as the ratio of the number of output photons to the number of input
photons.



should be limited only by the fluctuation noise which is a result of the quantitization of the
electromagnetic field, i.e., photon-noise limited. The receiver should also have low lag™ at
low-light input levels and a large format area so that large aperture lenses with low f/num-
bers can be used. The best television camera tube for meeting these requirements is the
intensified silicon-electron-bombardment-induced-response (ISEBIR) tube (also known as
the ISIT tube). The intensified image isocon (III) tube, the intensified image orthicon (I10)
tube, and the intensified secondary-electron-conduction (ISEC) tubes require approximately
two to five times more irradiance to produce the same picture quality. The detailed resolu-
tion, contrast, and irradiance limitations of these tubes are illustrated in figure 6.4.
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Figure 4.7. Geometry for the volume-scanning imaging system.
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Table 4.3. Polarization Coefficients ¢ of Various Targets.*

Circularly Polarized Light

Target B=0deg*™| =15 deg B=30deg =45 deg
Ba SO4 paint (ultrawhite) 0.04 0.04 0.07 0.11
White paper (p = 0.90) 0.26 0.24 0.17 0.17
Gray paper (p = 0.18) 0.38 0.23 0.22 0.22
Flat black paint 0.77 0.74 0.70 0.65
Black anodized metal 0.91 0.80 0.55 0.14

Linearly Polarized Light

Target B=0deg | f=15deg B=730deg B =45 deg
Ba SO4 paint (ultrawhite) 0.11 0.11 0.11 0.12
White paper (p = 0.90) 0.20 0.11 0.05 0.05
Gray paper (p = 0.18) 0.61 0.48 0.37 0.31
Flat black paint 0.95 0.94 0.93 0.90
Black anodized metal 0.98 0.97 0.94 0.91

*Type of polarized light (circular or linear) should agree with that which was used to
to evaluate the polarization coefficients, e; and ej.

**B = the angle between the direction of the incident light and the normal to the target.
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Table 4.4. Light Detectors for a Volume-Scanning System.

Minimum
Dark Sensitivity,

Type Sensitivity Current fc Bandwidth Comments
Photo- 1000 uA/fc | 0.05 pA 107 to 10| 100 MHz | Linear and rugged
multiplier High voltages (2 kV)
tube Cannot be pressurized
FET 5 uA/fc 0.05 nA | 2X 10'5 10 MHz Solid-state ruggedness

Nonlinear response

Simple and inexpensive
Transistor | 0.2 uA/fc 25nA  [0.25 50 kHz Solid-state ruggedness

Nonlinear response
Diode 0.3 nA/fc 2 nA 6 200 MHz | Fast but insensitive
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SECTION §

SYSTEM PERFORMANCE NOMOGRAMS

A simple procedure for evaluating the basic tradeoffs for a conventional underwater optical
imaging system is described in this section. In this procedure, a set of nomograms is used to
predict system performance which is determined by system components, system geometry,
and the total attenuation coefficient of the water. These nomograms permit a designer to
obtain insight into the type and relative importance of the tradeoffs which are possible
when specifying an underwater imaging system. This is done by restricting the designer’s
attention to the most crucial variables and providing a simple and fast method for calculat-
ing system performance.

To construct a set of nomograms which satisfies these objectives, a number of simplifications
and approximations were used. First, the nomograms were limited to describing a conven-
tional system with a thallium-iodide-doped mercury-vapor arc lamp source. Second, the
effects of multiple scattering were not included in the analysis. Third, geometrical param-
cters were approximated by the zero-order representation, i.e., if {1 = (R2 + d2/4)1/2, then
the value of ' is approximated by {{ = R for R>>d. Fourth, fixed values, listed on

pages 5-10 and 5-11, were assumed for the various system parameters. These parameters are
the spectral transmission bandwidth (A1, A2), the transmission coefficient 7 and the f/ of the
receiver’s optics, the backscatter fraction n, the ratio of the scattering coefficient s to the at-
tenuation coefficient «, and the reflectance coefficient p| of the darker area on the target.
Because of these approximations, the values given by the nomograms to describe system
performance should only be considered as estimates (values for the image illuminance will
be too low, and values for the image contrast will be too high). Section 6 describes a more
accurate and sophisticated procedure for determining system performance which is not lim-
ited by these restrictions.

The information presented in this section can be summarized as follows.

Section 5.1 describes the input and output parameters for the various nomograms.

Section 5.2 explains how to use these nomograms by describing the solution of three
typical problems.

Section 5.3 records the mathematical formulas used to construct the nomograms.
(This section is not essential for the use of the nomograms.)

5.1 NOMOGRAMS: INPUT AND OUTPUT PARAMETERS

The complete set of nomograms is presented in figure 5.1. The normal input parameters
are listed below.

Total attenuation coefficient — & (1n/m).

Electrical input power to the source — w (W).
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« Half-angle of the beam pattern of the source (the beam pattern is assumed to be
conical) — 01 (deg).

« Source-receiver separation — d (m).
- Distance between receiver and target — R (m).

- Reflectance coefficient of the bright area of the target (the reflectance coefficient
of the darker area is assumed to be 0.20) — p5.

The geometrical parameters 6 {, d, and R are shown in figure 3.9.

Examples of the output parameters include the following.

+ Equivalent image illuminance caused by light reflected from the bright area of the
target — Eg (fc).*

Image contrast — c.**

The user is not limited by this classification of parameters as being either input or output.
For example, one might want to determine the source-receiver separation required to pro-
duce a given image contrast for fixed values of the other parameters.

For conciseness in identifying the input and output parameters for a particular nomogram,
each nomogram is numbered in figure 5.1. Table 5.1 summarizes the input and output varia-
bles for each nomogram. (Graphs 2 and 7 are reflector nomograms. They simply change the
vertical axis of one graph to the horizontal axis of another graph or vice versa.)

5.2 USES OF THE NOMOGRAMS

The basic procedure for using the nomograms in figure 5.1 for system performance analysis
consists of three steps.

1. Input and output parameters are identified, and the selected values for the input
parameters are inserted into the appropriate nomograms.

2. A set of straight horizontal and vertical lines is constructed to combine the input
parameters and to determine the output parameters. (The only purpose of the
internal grid marks on each nomogram is to assist in drawing these horizontal and
vertical lines.)

3. The output parameters are read from the appropriate nomograms.

For example, both the image contrast, C = C(R, d, «, 01, p7), and the image illuminance,
Eg = Eg(R, &, w, 81, p7), are functions of five independent variables. In solving for either

* As described in section 3.2.2, the equivalent image illuminance is the number of footcandles incident on the faceplate
of the receiver from a 2854 ° K incandescent light which produces the same photocurrent as the light reflected from
the target. This reflected light is produced by a thallium-iodide-doped mercury-arc lamp and has been spectrally fil-
tered by the water. Threshold illuminance levels for different television cameras are given in table 3.5.

** A¢ described in section 3,2.2, the noise-limited resolution of a television receiver depends on the image contrast and
the image illuminance (the photocurrent level). The lower the image illuminance, the higher the image contrast must
be for the same degree of resolution. Threshold values for image contrast lie between 0.05 and 0.10 for most applica-
tions. The mathematical definition of image contrast is given by equation 3. 1.



C or Eg, the values of the independent variables must be first determined by the user. These
values are then inserted into the nomogram — the range R is entered at the top of nomogram
1; the source-receiver separation d is entered at the bottom of nomogram 10; the attenuation
coefficient o determines a particular curve in nomograms 1, 5, and 10; the angle 6 deter-
mines a particular curve in nomograms 9 and 11; the reflectance coefficient p5 determines a
curve in nomograms 3 and 6; and the input power w is entered on the left-hand side* of nom-
ogram 9. A series of vertical and horizontal lines is then constructed to connect these input
parameters and to determine the output parameters Eg and C. The value of Eg is then read
from the family of curves in nomogram 4, while the value of C is read from the right-hand
side of nomogram 3. The parameter I' is an internal variable for coupling nomograms 3

and 8.

Interpolations between pairs of curves in nomograms 4 and 8 are generally required to deter-
mine the values of Egand I’ for a particular problem. Because there are many approxima
tions in the nomograms, these interpolations should be as simple as possible, and “visual”
estimates are usually sufficient. The ranges for the different variables in the nomograms
have been selected to cover most of the situations for which the calculations are meaningful.
If the user runs off-scale in a calculation, he should check the values of his input parameters
to determine if they are physically meaningful in terms of the expected operation of a con-
ventional imaging system. For certain problems, off-scale values of some parameters can be
handled using inequalities (section 5.2.3). For other problems, it is necessary to use the
more elaborate analysis method presented in section 6.

Perhaps the best method for describing the use of the set of nomograms is to demonstrate
the detailed solution of three typical problems. In the first problem, image illuminance and
contrast are evaluated for fixed values of the target range, attenuation coefficient, target
reflectance, input source power, source-receiver separation, and the divergence of the light
source. For the second problem, the amount of source-receiver separation required for a
minimum value of image contrast is evaluated, and the amount of input source power needed
to produce a minimum value of image illuminance is calculated. For the third problem, the
tradeoff between source divergence and input power is demonstrated, and the image con-
trast which corresponds to the various values of the source divergence is evaluated.

5.2.1 CALCULATION OF IMAGE ILLUMINANCE AND CONTRAST — The following
values are assumed for the input parameters.
Target range: R=15m.
Attenuation coefficient: «=0.2 In/m.
+ Target reflectance: p, =0.5.
+ Input source power: w= 100 W.
Source-receiver separation: d = 1.5 m.

Half-angle of light source: 61 =10 deg.

*The right and left sides of the nomograms in this report refer to the reader when he is facing the nomogram.
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The following procedure is used to calculate the image illuminance due to the light reflected
from the brighter area of the target (the procedure is illustrated in figure 5.2).

l.

Enter the range R at the top of nomogram 1. Draw a vertical line from the value
of R =15 to the curve (straight line) for « = 0.2. Then draw a horizontal line from
this intersection point to the diagonal line in nomogram 2.

Draw a vertical line from the intersection point in nomogram 2 to the diagonal
line in nomogram 7.

Find the intersection of the vertical line with the curve for « = 0.2 in nomogram 3,
and draw a horizontal line through nomogram 4.

Enter the input power w on the left-hand side of nomogram 9. Draw a horizontal
line to the curve (straight line) for 6| = 10 deg. Next draw a vertical line from this
intersection point into nomogram 6.

Find the intersection of the vertical line with the curve for p9 = 0.5. Draw a hori-
zontal line from this intersection point to the diagonal line in nomogram 6, which
connects the lower left-hand corner to the upper right-hand corner. Draw a ver-
tical line from this second intersection point into nomogram 4.

The value of the image illuminance Eg is given by the intersection of this vertical

line and t}%e horizontal line constructed in step 3. The value of Eg is approximately
1.1 X 107 fc.

The following procedure is used to calculate the image contrast.

1.

Enter the source-receiver separation d at the bottom of nomogram 10. Draw a
vertical line from the point d = 1.5 to the curve for « = 0,2. Draw a horizontal
line from this intersection point into nomogram 11.

Find the intersection of the horizontal line with the curve for 6 = 10 deg, and
draw a vertical line from this intersection point into nomogram 8.

Draw a horizontal line from the intersection of the vertical and the diagonal lines
in nomogram 7 into nomogram 8. (The vertical line was drawn in step 2 of the
previous procedure for finding E¢.) Find the intersection of this horizontal line
and the vertical line constructed in step 2. This intersection point determines the
value of the parameter I'. In the current problem, I’ = 1.05.

Enter the value of I' at the bottom of nomogram 3. Draw a vertical line from this
point to the curve for p5 = 0.5. Draw a horizontal line from this intersection to
the right side of nomogram 3, and read the value of image contrast C. The calcu-
lated value of C is approximately 0.51.

5.2.2 EVALUATION OF SOURCE-RECEIVER SEPARATION — Image contrast depends
upon the parameters R, a, 01, py, and d. In this problem, the value of d is determined

so that for fixed values of R, &, 0, and p, the image contrast is at least 0.1. In addition, the
amount of input source power is calculated so that the image illuminance is at least equal to
1077 fc. The assumed values for the fixed input parameters are listed on the next page.



Target range: R =20 m,

Attenuation coefficient: «=0.20 In/m.
Half-angle of light source: 0| =10 deg.
Target reflectance: py =0.5.

The following procedure is used to determine the source-receiver separation (the procedure
is illustrated in figure 5.3).

1.

Enter the image contrast C = 0.1 on the right-hand side of nomogram 3, and draw
a horizontal line from this point to the curve for p5 = 0.5. Draw a vertical line
from the intersection point to the bottom of the nomogram, and determine the
value of I'. For the current probiem, I' has a value of -0.4,

Enter the range R = 20 at the top of nomogram 1; draw a vertical line from this
point to the curve for « = 0.2; draw a horizontal line from the intersection point
to the diagonal line in nomogram 2.

Draw a vertical line from this intersection point to the diagonal line in nomogram
7. From this intersection point, draw a horizontal line through nomogram 8.
Interpolate the value of I' = -0.4 along this horizontal line from the curves of
constant I, and draw a vertical line from the selected point down through nomo-
gram 11.

Find the intersection of this vertical line with the curve for 6| = 10 deg, and draw
a horizontal line from this point into nomogram 10.

Determine the intersection of this horizontal line with the curve for o = 0.2; draw
a vertical line; read the value of the source-receiver separation d. In this problem,
the value of d is equal to 1.25 m.

The following procedure is used to calculate the minimum input source power required to
produce an image illuminance equal to 107 fe.

1.

Find the intersection of the vertical line drawn through nomogram 5 in step 3 of
the previous procedure and the curve for « = 0.2. Draw a horizontal line from
this point into nomogram 4.

Find the intersection of this horizontal line with the curve for E¢ = 10'4, and
draw a vertical line into nomogram 6.

Find the intersection of this line with diagonal line running from the lower left-
hand to the upper right-hand corner of nomogram 6, and draw a horizontal line
from this point to the curve for p5 = 0.5. Draw a vertical line from this second
intersection point into nomogram 9.

Determine the intersection of this vertical line with the curve for 6 = 10 deg, and
draw a horizontal line from this point to the left-hand side of the nomogram. The
calculated input power required to produce a value of Eg equal to 107" fcisw =
70 W.
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5.2.3 TRADEOFF BETWEEN SOURCE POWER AND THE DIVERGENCE OF THE
BEAM PATTERN OF THE SOURCE — Image illuminance Eg, caused by the light reflected
from the brighter area of the target, depends on the parameters R, &, p>, w, and 6 1- In this
problem, corresponding values of w and 61 are determined so that the value of Eg is at least
equal to 1.0 fc for fixed values of R, «, and p7. In addition, the image contrast C is deter-
mined for each of the corresponding pairs of w and 6. The following values are assumed
for the fixed parameters.

+ Target range: R=1.5 m.
- Attenuation coefficient: a= 1.0 1n/m.

* Target reflectance: py=0.5.

The following procedure is used to calculate the corresponding pairs of w and 6 (the pro-
cedure is illustrated in figure 5.4).

I. Enter the range R = 1.5 at the top of nomogram 1, and draw a vertical line from
this point to the curve for o = 1.0. Draw a horizontal line from the intersection
point to the diagonal line in nomogram 2.

Draw a vertical line from the intersection point to the diagonal line in nomogram 7.

Find the intersection of this vertical line with the curve for « = 1.0 in nomogram 5,
and draw a horizontal line into nomogram 4,

4.  Find the intersection of this horizontal line with the curve for Es =109 fc in
nomogram 4, and draw a vertical line into nomogram 6.

5. Find the intersection of this vertical line with the diagonal line which runs from
the lower left-hand corner to the upper right-hand corner of nomogram 6, and
draw a horizontal line from this intersection point to the curve for p5 = 0.5.
Draw a vertical line from this second intersection point into nomogram 9.

6. Find the intersections of this vertical line with the curves for 8| =5, 10, 15, 25,
and 50 deg, and draw a set of horizontal lines from these intersection points to
the left-hand side of nomogram 9. The various values of w which correspond
to the different values of 6| for E¢= 1.0 can now be read. The following pairs
of values were obtained for this calculation.

© 01 =50deg w=1000 W
01 =25 deg w=250W
© 01 =15deg w=100W
* 0 =10deg w=40 W
© 01 =5deg w=10W

The following procedure is used to determine the image contrast which corresponds to the
above values for 6| and a source-receiver separation equal to 0.4 m.

1.  Enter the source-receiver separation d = 0.4 at the bottom of nomogram 10, and
draw a vertical line from this point to the curve for o = 1.0. From this intersec-
tion point, draw a horizontal line into nomogram 11.



Find the intersections of the horizontal line with the curves for 01 =350,25,15,
10, and 5 deg, and draw a set of vertical lines from these intersection points into
nomogram 8.

Draw a horizontal line from the intersection of the vertical and diagonal lines in
nomogram 7 into nomogram 8. (The vertical line was constructed during step 2
of the previous procedure.)

Find the intersection of this horizontal line with the set of vertical lines drawn in
step 2 of the current procedure. From these intersection points, determine as set
of values for the parameter I'. (The values for I" are obtained by interpolating
between the curves of constant I'.) The following values of I", which correspond
to the various values of 0 |, were determined.

» 61 =50deg =03

© 01 =25deg =1.5

© 0p=15deg [' > 2.0 (off-scale value)
01 =10 deg [’ > 2.0 (off-scale value)

* 0] =5deg I' > 2.0 (off-scale value)

Enter these values of T' at the bottom of nomogram 3, and draw a set of vertical
lines between these points and the curve for p5 = 0.5. Draw a set of horizontal
lines from these intersection points and the right-hand side of the nomogram.
The different values of the image contrast C can now be read; the following
results were obtained.

© 01 =50deg '=03 C=0.30

© 01 =25 deg r=1.5 C=0.58

© 01 =15deg >2.0 C > 0.59 (off-scale value)
* 01 =10deg r>22.0 C > 0.59 (off-scale values)
9 61 =5 deg r>20 C > 0.59 (off-scale values)

(Note that the off-scale values are indicated by inequalities. The ranges of the
parameters selected for the nomograms represent the physical values likely to be
encountered in designing underwater optical imaging systems. Off-scale values
frequently correspond to unrealistic values for one or more of the input parameters.)

5.3 MATHEMATICAL BASIS FOR THE NOMOGRAMS

The set of nomograms in figure 5.1 is based on simplifications of the system performance
equations (developed in section 6) to describe conventional imaging systems. Six basic equa-
tions are used.

Equation 6.18

is = Aghlg (CON) [G(\5(S)) - G(A((S)]. (5.1)
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Equation 6.19

By (CON) = py * w r/tf?) 2W(14f‘lcros@1) . 25;112 LT e
Equation 6.36

i, = Agh, (CON) [GO\,[N1) - GO\ [N])]. (5.3)
Equation 6.37

i, (CON) = "S'W'(T/f/z)'zn(lizsel)' 51927r [}%Ez(agyo)

- %Ez (OlggR)]. (5.4)

Equation 6.119

C - ?2"1 g iS“;;liilp?) : (5.5)
Equation 6.125 and 6.126

E, = ig/(kjAg) (5.6A)
and

E, = i /(kjAQ). (5.6B)

The various parameters described in these formulas are explained in the text either preceding
or following these equations in section 6.

To develop a simple set of interrelated nomograms, the number of variables in these six
equations had to be reduced, and the relationships among these variables had to be simpli-
fied. For these reasons, the following assumptions and approximations were made.

A{(S) = A; (N) = 470 nm.
A (S) = Ay (N) = 590 nm.

7 =1.0
f/ = 1.5.
g1 = 2.0
g3 = 2.0



n = 0.02.

s = 0.6a.

rg = dcotfy.
Es (agzR) = 0.0.
py = 0.20.

Under these restrictions, equations 5.1, 5.2, and 5.6A can be combined to yield

Eg = 1.88 X 1072 {pQ-

2w exp(-2aR) }
s

5.7
1—00501 R2 (5.7)

for the image illuminance of the light reflected from the brighter area of the target. In
obtaining equation 5.7, the following values were determined from the data compiled in
section 6 for the combination of a thallium-iodide-doped mercury-vapor arc lamp and an
antimony-trisulfide photoconductor.

G(470) = 2.52 X 1073 (table 6.8).
G(590) = 1.70 X 1072 (table 6.8).
k; = 3.83 X 1073 (table 6.11).

Equations 5.3, 5.4, and 5.6B can be combined under the same conditions to yield

_ -4 2w o
E, = 1.13X10 {—'——E 2 } 5.8
it l—cosf)l 1 2( ocro) G-8)

for the image illuminance of the backscattered light. Equations 5.5,5.7, and 5.8 can be
combined to yield

C = {(l-%)ES}/{ES+En} (5.9)

for the image contrast. By defining

v = Eg/(ppE,) = 167rgexp(-2aR) / (aR2E2(2ar0)), (5.10)
the image contrast can also be written as

C = 7v(p-0.2) / (ppytD). (5.11)

By using the dimensionless parameters,

n = aR, (5.12)
m = arg, (5.13)
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and

k = ad. (5.14)

Equations 5.7, 5.8, and 5.10 can be written as

2
B, = 1.88 X 1072{p, - 2% _.a2exp(z2n) | (5.15)
1-cost) n2

-4 2w o?
E, = 1.13X107%{—2—.%F, 2m) | , (5.16)

I-cosf; m

and
o | LGB G2 (5.17)
n2E4(2m)

The nomograms in figure 5.1 illustrate the interrelationships among equations 5.11 through
5.17. The following functions are specifically illustrated in each nomogram.

Nomogram 1. n=n(x, R)=aR;0.05<a<1.0,0<R<25,and 0<n<5.

2. Nomogram 2. Reflector — changes a horizontal axis into a vertical axis or vice
versa.

3.  Nomogram 3. log C = log (10F (p7-0.2)/ (,o210F+1)),
where
' = 10log v (5.18)
0.25<p,<1.0,-1.0<I'<2.0,and 0.01 <C< 1.0.
4, Nomogram 4, Eg= Es (F (o, n), F2(p2, W, 01)),

where

Fy = log(am), (5.19)

n

Fy = 1 +1 ; 5.20

2 =) Ogl—cosBI ( )
and

2F; +F
Eq = 1.88 X 1072 (10 | 7—); (5.21)

4 <F|<0,1<F,<6,and 10° <E <102.
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10.

11.

Nomogram 5. Fy = F; (o, n) = log {ﬁ exp(-n)};
n
0.05<a<1.0,0<n<5,and—4<F1<0.

Nomogram 6. Fy = Fo(py, w,81) = logpy + F3 (w, 61,

where

F3 = log { 2w }; (5.22)

1-00591

0.1<py<1.0,1<F3<6,and | <F,<6.

(A reflector is also used in this nomogram to exchange the vertical and horizontal
coordinates.)

Nomogram 7. Reflector — changes a horizontal axis into a vertical axis and vice
versa.

Nomogram 8. n=n(I", m),
where
[ = log {167 mexp (-2n) / (n?Eo(2m) } ; (5.23)

-l.OSTI'<20,0sm<3,and 0 <n<5.

Nomogram 9. F3 = F3 (W,GI) = log{12W 7 };
-COs 1

1 <w<1000,5deg< 8| <50deg,and | <F3<6.
Nomogram 10. k = k(a,d) = «d;

005<ax1.0,0s<d<25,and 0<k <0.5.
Nomogram 11. m = m(k,@l) = kcot@l;

0<k<0.5,5deg< 6 <50deg,and 0.0<m<3.0.
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Figure 5.1. System performance nomogram (conventional imaging system).
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Figure 5.2. Problem one — evaluation of image illuminance and contrast.
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Table 5.1. Input and Output Parameters for the System
Performance Nomogram.

Number of
Nomogram Symbol* Meaning
1 R (m) Distance between receiver and target
« (1n/m) Attenuation coefficient
2 Reflector nomogram
3 C Image contrast
r Internal variable
P2 Reflectance coefficient
4 E (fc) Image illuminance due to light reflected
from the brighter area of the target
5 « (In/m) Attenuation coefficient
6 5} Reflectance coefficient
7 Reflector nomogram
8 r Internal variable
9 01 (deg) Half-angle of source’s beam pattern
w (W) Input power to the source
10 d (m) Source-receiver separation
« (1n/m) Attenuation coefficient
11 601 (deg) Half-angle of source’s beam pattern

*The symbols in parentheses refer to units (m, meter; In, natural logarithm; fc, footcandle; deg, degree; and W, watt).
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SECTION 6

SYSTEM PERFORMANCE ANALYSIS

This section describes a procedure for calculating the performance of a specified optical
imaging system. This method allows the designer to evaluate important system tradeofts
under a complex set of conditions imposed by mission requirements, the optical properties
of the water, and the physical characteristics of light sources, targets, and receivers. The
method has sufficient generality to include the evaluation of polarization-discrimination,
range-gating, and volume-scanning imaging systems, as well as conventional systems. The
analysis, however, is limited to the consideration of the imaging capabilities of systems using
artificial illumination sources and electrooptical receivers.

Although the step-by-step computations required to evaluate an imaging system are quite
simple, the large number of interrelated parameters required for a complete calculation
makes the entire procedure lengthy and complex. A detailed set of work sheets is provided
in appendix A to assist the user in organizing the required input data. These work sheets
also describe the step-by-step calculations needed to evaluate the performance of the selected
viewing system. There are three general classes of input parameters required for a calcula-
tion. The first set of variables describes the physical properties of the system components
and the targets of interest; the following parameters are listed in this set.

Input electrical power, output radiant power, beam pattern, and spectral
characteristics of the illumination source.
Target reflectance, contrast, and polarization coefficients.

Field-of-view, depth-of-field, f/, transmission coefficient, spectral response,
and noise characteristics of the receiver.

Performance characteristics of polarizers and analyzers, electrooptical shutters,
gated image intensifiers, beam-scanning optics, and other specialized equipment
used in the backscatter-reduction techniques described in section 4.

Each parameter is carefully defined and explained in this section.

The second set of parameters describes the optical properties of seawater which determine
system performance. These parameters, defined in section 2, include the following.
The attenuation coefficient, «,

The ratio of the scattering coefficient to the absorption coefficient, the s/a
ratio.

The volume scattering function, o(8).

The polarization coefficient, yy,.
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The third set of parameters describes the geometrical arrangement of the system, and in-
cludes the relative locations and orientations of the source, receiver, and target.

In a typical system tradeoff calculation, the first task of the designer is to identify the input
parameters required to evaluate his system and to assign them definite numerical values. As
mentioned previously, the work sheets in appendix A are designed to help in the systematic
collection of the required data. Several values are often used for a few variables so that the
designer can determine the relationship between some measure of system performance and
the variation in these parameters, e.g., calculation of the change in image contrast as either
the viewing range or the beam pattern of the source is varied for fixed values of other input
parameters.

The second step is the determination of a set of output parameters which describes the per-
formance of the system. These include the following.

Image contrast.

Signal photocurrent produced by the receiver from the image-forming light
reflected from the target.

Noise photocurrent produced by the receiver from backscattered light.

Noise-limited resolution.*

These output parameters are calculated from the input parameters using a series of formulas
developed in sections 6.2, 6.3, and 6.4. Section 6.5.2 briefly outlines the general procedure
to be followed in evaluating these formulas; a step-by-step description of the computation is
given in appendix A; and sample calculations which describe in detail the evaluation of real-
istic systems using this analysis technique are in appendix B.

The third step involves the determination of system tradeoffs from the calculated values of
the output parameters. For example, one might want to determine how much improve-
ment in system performance is gained by using an expensive, highly sensitive television
camera rather than a standard vidicon camera in a particular imaging system. By selecting
the appropriate values of the input parameters in the first step of the calculation, the output
parameters can be used for a quantitative value judgment. Because of the large number of
input parameters, the number of possible system tradeoffs is extremely large. Therefore, a
formal procedure for evaluating system tradeoffs is not developed in this section. The
designer should, however, have a well defined set of tradeoffs outlined before attempting to
perform the first step of the calculation because the selection of input parameters depends
upon the type of tradeoffs being considered.

*Noise-limited resolution is the maximum resolution that the system can achieve; it does not include the degradation of
image quality due to small-angle scattering and the limitations of the receiver’s optics. The point spread function of the
combined seawater-receiver optics system must be determined to specify the actual resolution which is present in the dis-
play. Under many operating conditions, the degradation of image quality due to small-angle scattering is of minor
importance when compared with the other sources of image degradation which are included in the performance analysis
described in this section,
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A general method that can be used to evaluate system tradeoffs — the evaluation of a deci-
sion matrix — is described in reference 6.1. As illustrated in the following diagram, the dif-
ferent types of systems being considered are listed on the left-hand side of the matrix, while
the criteria being used to select the optimal system are listed at the top of the matrix. The
element, Xija of the matrix corresponds to a number between 0 and 10, and gives the relative
merit of the i system according to the ji criterion. By evaluating a set of n equations,

m
V1=Z )(11“1.],1= 1,2,"’,11, (61)
i=1

and determining the value of i for which Vj is a maximum, the optimum system for a par-
ticular mission requirement can be selected. The weight Wj corresponds to the relative
importance of the jfh criterion of the designer. This matrix technique allows the designer
to consider criteria such as cost, reliability, maintainability, and safety, in addition to the
system performance factors that are determined in this section.

Decision Matrix

|
— ™ o < e g g
o o = o S = S
e S = .8 = 8 ©
= = = = = b D
2 it 2 s s Z 2
= = = = = 5 5
S O & & S S S
System 1 X1 X12 X13 X14 X15 e Xim-1 [Xim
System 2 X201 X0 | X3 | X4 | Xos Xom-1 |[%2m
System 3 X3 X397 X33 X34 X35 X3m-1 [X3m
Systemn-1 1 X y1| Xgo12 | Xpo13 | Xp-14| Xn-1507" | Xn-1m-1%n-1m
System n Xn1 Xn2 Xn3 Xn4 Xns |0 Xam-1 {¥nm

6.1 MULTIPLE-SCATTERING ANALYSIS OF LIGHT PROPAGATION

This section outlines the mathematical model used to describe the basic physics of undersea
imaging systems. Predicting the performance of sophisticated optical imaging systems for
undersea applications requires an accurate description of the propagation of light in the sea.
As innovations in imaging-device technology increase the viewing range, simplified theories
of light propagation become insufficient for an accurate description of the effects of the
medium. For long viewing ranges, it is essential that the effects of multiple scattering be
evaluated. Monte Carlo techniques have been used to simulate the multiple scattering of
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light by seawater (ref. 6.1). The results of these simulations have been reduced to a set of
effective attenuation coefficients. These coefficients permit the most significant effects of
multiple scattering to be expressed by relatively simple formulas that are suitable for system
performance analysis. Appendix C presents experimental data to document the validity of
the Monte Carlo simulations and the resulting formulas which are used to predict system
performance.

6.1.1 EFFECTIVE ATTENUATION COEFFICIENTS — The fundamental problem in con-
structing a model of an underwater viewing system is relating the basic optical properties -
o, a, s, and a(f) — to the propagation of light from sources with a wide variety of beam
geometries and spectral contents. Typically, the basic optical properties are measured using
specialized beam geometries, i.e., a source with a narrow collimated beam or an isotropic
point source. The effective attenuation coefficients provide the essential connection be-
tween the light-propagation properties of these specialized beam geometries and those of
the general beam patterns used in underwater imaging systems. These coefficients account
for both the scattered and unscattered light originally emitted by a point source, and be-
cause they are factors in the arguments of exponential functions, accurate calculation of
these values can greatly improve the prediction of system performance.

Three effective attenuation coefficients are used in the system performance analysis. The
coefficient ¢ describes the attenuation of illuminating light, i.e., the light which travels
from the source to the target. The attenuation of image-forming light between the target
and the receiver is given by ¢, and the coefficient ¢3 accounts for the attenuation of back-
scattered light.

6.1.1.1 Illuminating Light — The physical meaning of the coefficient | is given by the
relationship

h(0, R) = J(0) exp (~c| (8;) R)/R? . (6.2)

where h(0, R) is the on-axis irradiance (power/area) produced on a target a distance R from
a noncollimated source. The source is assumed to be axial symmetric, and its radiant inten-
sity (power/solid angle) is expressed by the function J(#). The coefficient c1 describes the
attenuation of both the unscattered and scattered light which is incident on the target. (For
a lossless medium, the value of ¢ is identically zero. In a nonscattering medium, clis
identically equal to the absorption coefficient a.) The value of c¢] depends upon the initial
divergence of the beam pattern of the source, the ratio of the scattering coefficient to the
absorption coefficient (s/a ratio), and the volume scattering function. For the conical beam
pattern illustrated in the diagram on page 6-7, the divergence of the light source is specified
by the half-angle 6 |. The ratio of the effective attenuation coefficient ¢{ to the standard
attenuation coefficient « is a convenient parameter for use in the system performance anal-
ysis. The value of this ratio is an excellent indicator of the significance of multiple scatter-
ing. (The smaller c| /e is, the more important multiple scattering is.) The variation of c1/a
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with the angle 0] and the s/a ratio is shown in figure 6.1 and compiled in table 6.1. These
values were determined from a Monte Carlo simulation which used the Morrison volume
scattering function. This scattering function was selected because it was measured in sifu

for angles less than 1.0 deg (ref. 6.2). It can be observed from figure 6.1 that the coefficient
c1 is bounded by the inequality, a<c]<«, and that the cj/a ratio decreases as either the s/a
ratio or the angle 0 increases.

The equation
c1 (0] = [-In{H@E ) © (R)}I/R (6.3)

is used to determine c¢] from the Monte Carlo simulation data. The function H(0 1) gives
the probability that the angle 6 is less than or equal to 6 1. As illustrated in the following
diagram, @ is the angle between the original direction of a ray of light and the direction of a
vector from the point source where the ray was emitted to the intersection of the ray with a
spherical surface. This surface is centered on the point source and has a radius equal to R.

edge of beam pattern
\ spherical
surface

noncollimated
point
source

intersection
point

original direction
of scattered ray ™

’

The function ® (R) gives the probability that a ray of light emitted by the point source
reaches the spherical surface without being absorbed. The equivalence of equations 6.2
and 6.3 is demonstrated in reference 6.3 for sources with conical beam patterns.

6.1.1.2 Image-Forming Light — The effective attenuation coefficient ¢ for image-forming
light has been demonstrated by experimental measurements (ref. 6.4) to be equal to the

total attenuation coefficient ¢, i.e., c) = «. This implies that only the light which is either
unscattered or scattered by angles less than the very small acceptance angle of a well designed
transmissometer retains image-forming information. A discussion of significance of the
transmissometer’s finite acceptance angle is given an appendix C.

6-7



6.1.1.3 Backscattered Light — The physical meaning of the coefficient c3 is given by the
relationship

V=V Aexp (-5 (63) R)/4rR2, (6.4)

where V is the radiant flux accepted by a receiver with a conical field-of-view: Vo is the
initial radiant power emitted by an omnidirectional point source; and A is the area of the
receiver’s entrance pupil. As indicated in the following diagram, R is the distance between
the source and the receiver, and 03 is the half-angle of the receiver’s field-of-view. The
coefficient c3 describes the attenuation of both the unscattered light and scattered light
which are incident on the receiver. This coefficient is determined from the Monte Carlo
simulation data according to the equation

c3 = [-1nlG (63) © (R) }]/R. (6.5)

The function G (63) gives the probability that the angle § is less than or equal to 03. As
illustrated in the following diagram, § is the angle between the direction of a light ray as it
intersects a spherical surface and the normal to the surface at the point of intersection. The
spherical surface is centered on the point source from which the ray of light was originally
emitted. The function ® (R) again gives the probability that a ray of light emitted from the
point source reaches the spherical surface without being absorbed.

\

spherical surface centered

e \ on the source

_7 —
=

—
omnidirectional -_
point source

receiver’s aperture

direction of a
scattered ray
normal to the

T =M surface
-
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The equivalence of equations 6.4 and 6.5 for a receiver with a conical field-of-view is proven
in reference 6.3. This reference also demonstrates that the functions H (6 1) and G (03) are
identical because of the principle of reciprocity. Therefore, the effective attenuation coeffi-
cients ¢q and c3 are also identical if the half-angle 6 | of the conical beam pattern of the
source is equal te the half-angle 03 of the conical field-of-view of the receiver,i.c., ¢} = ¢3
if 61 = 03. This result follows immediately from equations 6.3 and 6.5. The data in fig-
ure 6.1 and table 6.1 can be used to find values for the c3/a ratio as functions of the angle
03 and the s/a ratio.

6.1.2 EFFECTIVE SPECTRAL BANDWIDTHS — The spectral dependence of the basic
hydrological optical properties is included in the calculation of the effective attenuation
coefficients by determining the spectral variation of the s/a ratio and the regular attenua-
tion coefficient a. (As figure 6.1 and table 6.1 illustrate, the coefficients ¢q and c3 are
functions of both the s/a ratio and «. Because the s/a ratio and « are functions of the optical
wavelength A, the coefficients ¢| and c3 are also functions of A. The quantity ¢y (M) is
equal to « (A) — see section 6.1.1.2.) Figure 6.2 illustrates the spectral dependence of ¢
and c3 for representative samples of bay water, coastal water, and deep ocean water. The

o (N) and s (M\)/a (A) ratio data, used in obtaining these curves, is listed in tables 6.2 and 6.3,
respectively. Once the spectral dependence of ¢y and c3 is determined, two approaches can
be used to include this information in the system performance analysis. For optical systems
with narrowband sources, such as lasers, a separate calculation should be made for each
major spectral line, and the results summed to yield the total system response. For systems
with broadband sources, the spectral information should be condensed to an effective spec-
tral bandwidth, AN =X - Ny, and a wavelength A where the transmission of light is
maximum.

For signal or image-forming light, A (S) is obtained by determining the minimum of
81 () = ¢1 (V) + o (N); for the noise or nonimage-forming light, Ag (N) is obtained by
finding the minimum of 87 (A\) = ¢y (A\) + ¢3 (A\). The effective spectral bandwidth of
image-forming light is defined so that

exp [-R 1B (N (9)) - B (\g (NI = exp [-RIB; (g (S) - By (g (SN} = 0.5.
(6.0)
Similarly, the effective spectral bandwidth of backscattered light is defined so that
exp [-R{By (] (N)) - By (g (ND}] = exp [-R1By Ay (D) - By (g (NN 11 = 0.5
(6.7)
The bandwidths, AN = Ay -Xy, are found by choosing a particular range and solving either
equation 6.6 or 6.7 for A1 and Ap. The range R should correspond to the distance between

the target and the receiver for the effective spectral bandwidth of light reflected from the
target; R = r( for the backscattered light bandwidth. The parameter rg is defined in
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section 6.2.1. For the convenience of the user, tables 6.4 and 6.5 present a list of the
parameters A(), A |, and Ao for image-forming and backscattered light, respectively.

The effective bandwidth approximation implies that

[ (A (R)), A (R)SA<A, (R)
1) _{ oo otherwise (6.8)
and
i C3 (?\0 (I’O)), 7\1 (1‘0) <A< )\2 (ro)
ey _{ o0 otherwise (62)

This approximation permits equations which require integration over spectral variables to
be simplified to a single algebraic term.

6.2 CONVENTIONAL IMAGING SYSTEMS

Three sets of equations for evaluating the performance of conventional imaging systems are
developed in this section. These equations are the result of coupling the light-propagation
model (described in section 6.1) to idealized, analytical representations of a light source,
target, and television receiver. The general characteristics of conventional imaging systems
are presented in section 3. Conventional systems differ from extended-range imaging sys-
tems because they do not use special components to reduce the backscattered light in the
image. The effects of backscatter can be reduced in conventional imaging systems by using
large source-receiver separations and narrow source beams and receiver fields-of-view.

The first set of equations is used to calculate the signal and noise photocurrents generated
by the receiver. The signal photocurrent is due to the image-forming light reflected from
the target, and the noise photocurrent is due to nonimage-forming backscattered light. This
set of equations is valid for conventional, wide bandwidth light sources, such as an incandes-
cent lamp or a mercury-vapor (Hg) arc lamp, and includes the parameters which describe the
spectral characteristics of these light sources. The second set of equations, which is similar
to the first set except that the equations are written for lasers or other narrow bandwidth
sources of light, contains the parameters which describe the amount of radiant power pro-
duced by the laser at each of its spectral lines. The different parameters for the two sets of
equations are chosen to coirespond to the data which is most available for the different
types of sources. To facilitate hand calculations, the logarithm is taken of both sets to
obtain complementary sets of decibel equations which are similar to the “sonar equation™
of underwater acoustics. These equations and their decibel counterparts are simplifications
and approximations of the third set of equations. This final set is derived in reference 6.1,
and computer programs have been developed for their solution.

The light source is represented in these system performance equations by the specification
of its beam pattern and spectral characteristics. The spectral characteristics of the 3400 °K
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tungsten incandescent, mercury (Hg) arc, thallium-iodide-doped mercury (T11 Hg) arc, and
xenon arc light sources are in figure 6.3 and table 6.6 Table 6.6 also includes the major
spectral lines of the argon, xenon, and neodymium yttrium-aluminum-garnet (YAG) lasers.
The beam pattern of the source is reduced to an “equivalent” conical beam pattern. If

J (81, ¢) is the actual radiant intensity of the source (the amount of power per unit solid
angle emitted in the direction specified by the polar angle § and the azimuthal angle ¢ with
respect to the optical axis of the source), then the half-angle 6 | of the “equivalent’ conical
beam pattern is given by

2t 0w
_ B 1 .
s> (-0 é é J(0,¢)sin6 do dg . (6.10)

When the beam pattern has a sharply defined edge, a good approximation for 6 is the half-
power angle, i.e., if J (01/2) = 1/27(0), then 61 =01)2.

The target is represented by the specification of its inherent contrast which is defined as

py-p
Cy = =1, 6.11)
P2

where p5 is the reflectance of the brighter gray level and p corresponds to the darker level.

The television receiver is represented by the specification of its field-of-view and depth-of-
field, the f/ and transmission coefficient of its optics, its spectral response, and its signal
response curves. The signal response curves provide the relationship of the photocurrent
level, image contrast, and noise-limited resolution for the various types of television cameras
which might be used in conventional underwater imaging systems. Signal response curves
are shown in figure 6.4. Included are the vidicon coupled to three image intensifiers (13-V);
secondary electron conduction with and without a coupled image intensifier (I-SEC and
SEC, respectively); the image orithicon (10); the image isocon with and without a coupled
image intensifier (I11 and 11, respectively); and silicon-electron-bombardment-induced-
response television camera systems (SEBIR). These curves were calculated by F. A. Rosell
(ref. 6.5). (The signal response curves for the nonintensified vidicon were not included
because of the lag characteristic of this tube. By the time that image irradiance, or photo-
electron current, is increased to make the lag acceptable for imaging scenes in motion, the
full-resolving capability of the vidicon is realized (ref. 6.5). The designer should use the
method described in section 6.4.3 to estimate the performance of systems using nonintensi-
fied vidicons.) The spectral sensitivities of the Type II (antimony trisulfide) and Type V
(silicon diode) photoconductors and the S-20 (multialkali) photocathode are in figure 6.5
and table 6.7. The Type II and Type V photoconductors are used in vidicon camera tubes,
and the S-20 photocathode should be used in image intensifiers and the SEC, 1O, II, and
SEBIR camera tubes in underwater television systems.



6.2.1 SYSTEM GEOMETRY — To obtain simple equations for the system performance
analysis, the symmetrical geometry in figure 6.6 is used to describe the conventional and
extended-range imaging systems. The first two sets of signal- and noise-current equations
correspond to this simplified geometry. The major restrictions imposed by this geometry
are the limitation of image information to the center of the receiver’s field-of-view and the
use of only one light source. Considerable variation in image contrast and signal level across
the receiver’s field-of-view can occur in underwater imaging systems (see ref. 6.1).

6.2.1.1 Definition and Units of the Geometrical Parameters

d: source-receiver separation (m).
R: perpendicular distance from the source-receiver plane to the target element (m).

1+ distance from the source to the target element (m),

$) = R/cos(és). (6.12)
{>: distance from the target element to the receiver (m),

$1 = R/cos(6R) = &o. (6.13)
01 half-angle of the “equivalent” conical beam pattern of the source (deg).
03: half-angle of the receiver’s field-of-view (deg).
: orientation angle of the optical axis of the source (deg),

_ -1 fd
5, = tan <ﬁ> (6.14)

SR: orientation angle of the optical axis of the receiver (deg),

_ -1(d )
Sp = -t — ). 6.15
R an <2R ( )

rg: perpendicular distance from the source-receiver plane to the backscatter
volume (m),

d

5 (6.16)
<ﬁ) + tan (6S+61)

1'0:

The dependence of the ratio rO/R on the ratio d/R is illustrated in figure 6.7 for different
values of 0.

6.2.1.2 General Geometry — A more general geometry, which permits the calculation of
image information across the field-of-view, is shown in figure 6.8. The third set of signal-
and noise-current equations corresponds to this geometry, which also permits systems with
more than one light source to be evaluated. In this system, the signal and noise photocur-
rents produced by the receiver for each light source are added to obtain the total signal and
noise photocurrents. The coupling of the independent variables in these equations, however,



makes the separation of these input variables into a ‘“‘sonar type’ decibel equation
impossible.

6.2.2 SIGNAL-CURRENT EQUATIONS — The signal photocurrent is given by

700

iy = Ag f he )'S (V) dX, (6.17)
400

where hg (A) is the spectral density of the signal irradiance in the image (W/m2 - nm); Ag is
the image format area (m2); and S (\) is the sensitivity (A/W) of the television camera tube.

6.2.2.1 Signal-Equation Set 1 — The effective bandwidth approximation for conventional
broadband sources reduces equation 6.17 to

i = Ag T, (CON) [GOA(9) - GO\(S) ] - (6.18)
For the simplified geometry, the function Hs (CON)™ is given by

4m . 9
277(1'COS@1) 2567TR2

T, (CON) = py = w - (r/f/%) - © exp (-ag R), (6.19)

where

p7 is the reflectance of the brighter gray level in the target,
w is the electrical input power to the source (W),

7 is the transmission coefficient of the receiver’s optics,

f/ is the f number of the receiver’s optics,

61 is the half-angle of the “‘equivalent’ conical beam pattern of the source, see equa-
tion 6.10 (deg),

a =« (Ap) is the total attenuation coefficient (In/m),
gy = {1 +cp/a}/cosy, ™ (6.20)

and

R is the perpendicular distance from the source-receiver plane to the target
element (m).

*The symbol CON refers to the conventional imaging system, The symbols PD, RG, and VS (used later in this section)
refer to the polarization-discrimination, range-gating, and volume-scanning imaging systems, respectively,

**Values for ¢,/ are in table 6.1 for various values of 6 7 and the s/a ratio at \ = AO/S ). Table 6.3 furnishes values for
the s/a ratio for different wavelengths.
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The function G(N\) is given by

(6.21)

A
GO\ = j EQ\) SOV dA,
400
where
E(M\) dA is the amount of radiant output power in the bandwidth d\ per watt of
input electrical power to the source (see table 6.6)
and

S(A) is the sensitivity of the television camera tube (A/W) (see table 6.7).

Table 6.8 is a compilation of G(A) for the 12 combinations of the four conventional light
sources — incandescent, mercury arc, thallium-iodide-doped mercury arc, and xenon arc —
and the three types of photosensitive surfaces used in camera tubes — S-20 photocathode

and Type Il and Type V photoconductors.

Taking the logarithm of equation 6.19 and multiplying the resulting terms by 10 converts

this equation into the decibel format:

H, (CON) = TR+W+L+D+R| +R,-19.51,

where
H((CON) = 10 log (hg (CON)),
TR = 10 log (p7),
W = 10 log (w),
L = 10 log (7/f/%),
x
D = 10log (ﬁﬁ) ,
R, = 1010g<—12—>= -20 log R,
R
and

R2 = 10 log (exp(-aRgy)) = —4.34(ag1R).

*The variation of D with 61 is shown in figure 6.9.
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6.2.2.2 Signal-Equation Set 2 — Equation 6.17 can be reduced to a sum over spectral lines
for laser-illumination sources:

N
= Ag D W (CONAYS (Y. (6.30)
i= 1

The signal irradiance at A = A; for the simplified geometry is given by

4n .9
27’((1-COS 61) 2567(R2

h'g (CON, \) = pq = wp * (7/f/%) - - exp(-og R), (6.31)

where wR () is the average radiant output power produced by the laser source at the wave-
length A;. Relative values of wgr (A;) are given in table 6.6 for common laser sources. The
corresponding decibel equation is given by

H's(?\i) = TR+WR+L+D+R1+R2 - 19.51, (6.32)
where
WR = 10 log (WR (?\i)). (6.33)

The other parameters have been previously defined, and can be found in the glossary
(section 6.5.1).

6.2.2.3 Signal-Equation Set 3 — For the general geometry, the spectral density of the signal
irradiance is given by

97‘p2 10) e = [Cl(?\) f] + C2(7\) §2] cos (65 +0) COS4 W)
hy\) = . (6.34)
64 £/ ¢ 2

The geometrical factors — {1, {9, ¥, &4, and § — are indicated in figure 6.8.
6.2.3 NOISE-CURRENT EQUATIONS — The noise photocurrent due to backscattered
light is given by

700

i, = Ag / h, M) S () dA, (6.35)
400

where h, (A) is the spectral density of the noise irradiance in the image.

6.2.3.1 Noise-Equation Set 1 — The effective bandwidth approximation for conventional
broadband source reduces equation 6.35 to

i, = Ag i, (CON) [G (\y(N)) - G (\;(ND)]. (6.36)



The function Hn (CON) for the simplified geometry is given by

47 =
27T(1-C0801) 5127

B, (CON) = s * w * (7/t/2) -

1 1

where

S =35 (7\0(N)) is a scattering coefficient for seawater (In/m),

n is the fraction of s which represents the light scattered into the back hemisphere,
ie.,

e L [ o(0) sin 66, (6.38)
S

/2

w is the electrical input power to the scurce (W),

T is the transmission coefficient of the receiver’s optics,

f/ is the receiver’s f number,

61 is the half-angle of the “equivalent’ conical beam pattern (deg),

r is the distance from the receiver to the volume that is common to both the beam
pattern of the source and the field-of-view of the receiver (see fig. 6.6), (m),

R is the distance from the receiver to the target (m),

a=o (7\0) is a total attenuation coefficient for seawater (In/m),

&
1 Sl €3
= —{— t+t — 1> 6.39
&3 cos (68)[ o « ‘ ( )
6S = tan‘l (d/2R) (d is the source-receiver separation),
and
- e—xt
E5(x) =f 2 dt (6.40)
t
|

is the exponential integral of order 2.

*Values for ¢ /o and ¢ oo are in table 6.1 for various values of 0 ; and 03 and the s/a ratio at \ = Ag-
Table 6.3 furnishes values for the s/a ratio for different wavelengths.

**Values for E,(x) are compiled in table 6.9.
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The decibel equation corresponding to equation 6.37 is given by

H, (CON) = BS+W+L+D+R3 - 2251, (6.41)
where

Hj, (CON) = 10 log (Fn (CON)), (6.42)

BS = 10 log (ns). (6.43)
and

Ry = 10 log {r—lo— E, (ag3r0) - 1? E, (ag3R) } (6.44)

The other parameters have been defined previously, and can be found in the glossary (section
6.5.1).

6.2.3.2 Noise-Equation Set 2 — Equation 6.35 can be reduced to a sum over spectral lines
for laser-illumination sources:

N
1= 2 h', (CON, X)) S (\)). (6.45)
i=1

For the simplified geometry in figure 6.6, the approximate image irradiance caused by back-
scatter is given by

47 9

: 3 2
I, (CON,\) = ns - wp » 7/f/2 - : :
"o D s W cos8y) 512n

{l— Ey (ag3rg) - L Eq (ag3R) } . (6.46)
1"0 R

Again, wr(};) is the average radiant output power produced by the laser source at the wave-
length A;. The corresponding decibel equation is given by

H', (CON) = BS+WR+L+D+R5-2251. (6.47)

6.2.3.3 Noise-Equation Set 3 — For the general geometry, the spectral density of the noise
irradiance is given by

_ + e
(8 c3§2)d
I'O §‘1

The geometrical factors — §,$9, ¥, 6R. 8, v, rp, and R — are illustrated in figures 6.8 and
6.10.

Dl e T SR i) T6) @

hy () =
T 6412 cos (o + )

r . (6.48)

2
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6.2.3.4 Approximations — Several approximations were made in the evaluation of the
noise-current equations.

To simplify the integral in equation 6.48 to obtain equations 6.37 and 6.46, the approxi-
mation,

£1 =89 = r/cos (8R), (6.49)

was required. Evaluation of the geometry in figure 6.10 indicates that

A\ L\ 1172
(=% li +(;:) (R—Ff)] (6.50)

§2 (mln) - COS(aR) ) rO <] +;£5) ' (651)

and

Thus, for the approximation in equation 6.49 and resulting simplification of equation 6.48
to be valid,

T
d <= or d < R(1-2tan(8;+6)). (6.52)

The use of the effective attenuation coefficient cg requires a fundamental approximation
because c3 describes the attenuation of the total light flux from a point source which is
accepted through the field-of-view of the receiver. Thus, when ¢3 is used to calculate the
light flux incident on the entrance pupil of the receiver, not all of the light is focused at the
image of the point source. Figure 6.11 illustrates the situation when the *““point source” is
an infinitesimal volume element of seawater which contributes to the backscattered light.
The rays of backscattered light from dV, which undergo additional scatterings, will be
focused at different points in the image. By considering the region surrounding dV, how-
ever, an argument can be made that light scattered out of the image of dV is compensated
for by light which is scattered out of the image of the surrounding region and into the image
of dV, i.e., the probability that ray A5 will be scattered near point P in the direction of ray
A is nearly the same as the probability that ray A will be scattered near point P in the
direction of ray A,. The probabilities would be exactly the same if the volumes dVy and
dV, were equally illuminated. Because the region surrounding dV is not generally uni-
formly illuminated, a certain degree of error is introduced by assuming exact compensation.
The magnitude of this error is difficult to estimate analytically, and experimental measure-
ments should be performed to test the validity of this approximation.

Another approximation involves the use of the coefficient ¢ to calculate the light flux inci-
dent on the backscatter volume element or the target resolution element. This approxima-
tion occurs because all incident light rays do not arrive from the same direction. For this
approximation to yield negligible error, the target should be Lambertian and the volume
scattering function should be nearly isotropic for 90 deg < 6 < 180 deg. Most volume
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scattering functions for scawater appear to satisfy this requirement (ref. 6.6). This nearly
isotropic behavior of the volume scattering function for backscattered light was assumed in
the simplification of the integral in equation 6.48 to obtain equations 6.37 and 6.46. The
volume scattering function was assumed to be equal to

g(0) = n 257 90 deg < 6 < 180 deg, (6.53)

where 7 is defined by equation 6.38 and s is thu scattering coefficient.

For systems which have a narrow source beam pattern, the most questionable approxi-
mation is the use of the half-angle 6 of the “equivalent” conical beam pattern in equation
6.16 to determine r(), the lower limit of the integral in equation 6.48. The scattering of
light by seawater significantly spreads the narrow geometrical beam pattern. Although the
divergence of the beam pattern can be determined by the Monte Carlo simulation, it is dif-
ficult to include this information in the simple equations used for the system performance
analysis.

6.3 EXTENDED-RANGE IMAGING SYSTEMS

Three sets of equations are developed in this section for evaluating the performance of each
of the three general classes of extended-range imaging systems — polarization discrimination,
range gating, and volume scanning. These equations are the result of coupling the light-
propagation model (described in section 6.1) to idealized, analytical representations of a
light source, target, television camera, and the specialized equipment used for reducing the
amount of received backscattered light. Signal and noise photocurrents are calculated in
each set of equations. The first set of equations is valid for conventional, wide bandwidth
light sources, and the second set is written for lasers or narrow bandwidth light sources. To
facilitate hand calculations, the logarithm is taken of both sets of equations to obtain com-
plementary sets of decibel equations which are similar to the “sonar equation” of underwa-
ter acoustics. These first two sets of equations are simplifications and approximations of
the third set of equations. This final set of more complex equations is derived in reference
6.1, and computer programs have been developed for their solution.

6.3.1 POLARIZATION DISCRIMINATION — The polarization-discrimination system uses
the polarization differences between backscattered light and light reflected from a diffuse
target to enhance underwater visibility. When a polarized light source is used, much of the
backscattered light will retain its polarization and can be blocked with a polarization analyzer
placed in front of the receiver. Light reflected from the target is generally depolarized.

The analytical models for the light source, target, and television camera for the polarization-
discrimination system are the same as the models described for the conventional imaging
system in section 6.2. The polarizer placed on the source and the analyzer placed on the
receiver are modeled by the efficiency factors e| and e5. The geometry for the polarization-
discrimination system is illustrated in figure 6.6.
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6.3.1.1 Signal-Current Equations — The signal photocurrent for a polarization-discrimination
system has the same form as equation 6.17,

700
iy = A / hg (W) S (W) dh. (6.17)

The effective bandwidth approximation reduces equation 6.17 to
i = Aghy (PD) [G (A (S) - G (A} (S)] . (6.54)
For the simplified geometry in figure 6.6, the function Hs (PD) is given by

). 47r . 9 .
27w (l-cos0y) 256 mR2

Tig (PD) = ey e (1= o) * py * W+ (7/t/?

exp (-agiR), (6.55)
where

€1 is the ratio of the radiant power transmitted by the polarizer to the incident
radiant power in the source beam,

€9 is the ratio of the radiant power transmitted by the analyzer to the power of the
incident unpolarized light (the analyzer is adjusted to block the polarized backscat-
tered light),

Yy = Wp/Wt (6.56)

is the polarization coefficient of the light reflected from the target (wp is the polar-
ized, reflected power which is incident on the analyzer, and wt is the total reflected
power which is incident on the analyzer),

and

the other parameters — P2, W, T, f/, 0 1> R« ()\0), and gy ()\0) — are as defined for
equation 6.19.

Taking the logarithm of equation 6.55 and multiplying the resulting terms by 10 converts
this equation to the decibel format:

Hy (PD) = EPS+TR+W +L+D+R; +R, - 19.51 , (6.57)
where
H, (PD) = 10 log (b, (PD)), (6.58)
EPS = 10 log(e] 5 (1 - ), (6.59)
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and

TR, W, L, D, Ry, and R,, previously defined, can be found in the glossary (section
6.5.1).

Equation 6.17 is reduced to a sum over spectral lines for laser-illumination sources:
N
iy = A Z h'S (PD,A) S\ . (6.60)
i=1

The image irradiance for the simplified geometry is given by

' - U om W - (2 e — AT
b (PD,N)) = ey &3 (1-¥9) o3 " WR * (/1) " 5 e 7y
9
s = R). 6.61
756 7R2 exp (-agy R) (6.61)
The corresponding decibel equation is given by
H’S(PD) = EPS+TR+WR+L+D+Rj;+Ry-19.51. (6.62)

For the general geometry of figure 6.8, the spectral density of the signal irradiance is given
by

9 ¢ (1Y) 7 p3 JO)c ) it

282 cos (8 +0) cos* ()

hg () = TP

(6.63)

With the exception of eq, €9, and Y, the parameters are identical to those of equation 6.34.

6.3.1.2 Noise-Current Equations — The noise photocurrent due to backscattered light has
the same form as equation 6.35:

700
= Ag [ By USQUAA. (6.35)

The effective bandwidth approximation reduces equation 6.35 to

~

i, = Ag hy (PD) [G (A9 (N)) - GOy (N))] . (6.64)
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The function T{n (PD) for the simplified geometry is given by

ﬁn (PD) = ejeg(I-yg) " ns - w (r/f/%) - 7 (SZOS 0D y 5192 E i
[—1 E, (ag3 1) - & E; (ag3 R):I , (6.65)
0
where
e and ¢, are as defined for equation 6.55,
Yy, is the polarization coefficient for backscattered light ,
and

the other parameters are defined as in equation 6.37.

Taking the logarithm of equation 6.56 and multiplying the resulting term by 10 converts
this equation to the decibel format:

H, (PD) = EPB+BS+W +L+D +R; - 22.51 , (6.66)
where
H,, (PD) = 10 log (h, (PD)), (6.67)
EPB = 10log(eq ey (1-y)) , (6.68)
and

BS, W, L, D, and R3, previously defined, are referenced in section 6.5.1.

Equation 6.35 is reduced to a sum over spectral lines for laser-illumination sources:
N
e (5 AO Z h'n (PD, 7)) S(Ay) (6.69)
i=1

The function h’n (PD, A;) for the simplified geometry is given by

W', (PD,N) = ejep (I-¢p) ms - wg * (r/t/2) - oy (1_4303 0 )

1 1
512m [?O‘Ez (g3 1) - g Ep (agy R)] ! (6.70)
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The corresponding decibel equation is given by

H'n(PD) = EPB+BS+WR+L+D+R3-2251. (6.71)

For the general geometry of figure 6.8, the spectral density of the noise irradiance is given
by

R -
ho Q) = 96162““%)”"54(‘”)7 oy oy TS T3
= 64 £/2 cos (5 + V) R '
o

With the exception of e, €9, and Y, the parameters are the same as for equation 6.48.

6.3.2 RANGE GATING — In range gating the receiver rejects the backscattered light by
gating out all backscattered light except that which is received during the time that the
signal pulse is received from the target. The analytical models for the light source, target,
and television camera for the range-gating systems are the same as the models described for
the conventional imaging system in section 6.2. The electrooptical shutters used to gate the
source and receiver are modeled by a square pulse of duration At. The geometry for the
range-gating system is illustrated in figure 6.6. Pulsed lasers and conventional sources,
which are shuttered using either a Pockels cell or Fabry Perot interferometer, can be used
for the range-gating source.

6.3.2.1 Signal-Current Equations — The signal photocurrent for a range-gating system has
the same form as equation 6.17:

700

iy = Ag / hy () S (A) dX . (6.17)
400

The effective bandwidth approximation reduces equation 6.17 to
iy = A 1~15 (RG) [G (A5 (S) - G (0 (SH1 . (6.73)
For the simplified geometry in figure 6.6, the function Es (RG)is given by

4 . 9
—cos01) 256 7R?

iy = . 2y. .
hg (RG) = egeq* pp =W+ (7//%) 27 exp (-agR),

(6.74)

where

e3 is the time-average transmission coefficient of the electrooptical shutter used to
gate the source,
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€4 is the collection efficiency of the projection optics placed on the source to colli-
mate the output radiation,

and

the other parameters are defined as in equation 6.19 except that 7 must include the
transmission characteristics of the receiver gate during its “open”” condition.

The decibel equation corresponding to equation 6.74 is given by

Hg(RG) = ES+EC+TR+W+L+D+R| +Ry - 19.51 | (6.75)
where
Hy (RG) = 10 log (hg (RG)) , (6.76)
ES = 101loges, (6.77)
EC = 101log €4 » (6.78)

and

TR, W, L, D, Ry, and R5, previously defined, are referenced in section 6.5.1.

Equation 6.17 is reduced to a sum over spectral lines for laser-illumination sources:

N
iy = Ag z h's (RG, &) SO\ - (6.79)
i=1

The image irradiance for the simplified geometry is given by

9
W (RG,\) = py - wp * (1/f/2)  —=—= - exp (cagq R). (6.80)
S 1 2 R 2567 R2 1

The corresponding decibel equation is given by

H'((RG) = TR+WR+L+D+R; +Ry- 1951 . (6.81)

For the general geometry in figure 6.8, the spectral density of the signal irradiance is given
by
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e—(Cl (AN +er(N)EH)

cos (85 +0) cos* ()
64 £/2 ¢, 2 '

The parameters, except for e3, are identical to those in equation 6.34.

(6.82)

6.3.2.2 Noise-Current Equations — The noise photocurrent due to backscattered light has

the same form as equation 6.35:

700
in = Ag [ hy00S)dx,
200

The effective bandwidth approximation reduces equation 6.35 to

ip = Ag B, (RG) [GOL(NY) - Gy ].

The function T{n (RG) for the simplified geometry is given by

4 O
27r(1-cos€1) 5127

Hn (RG) = e3reqg"ms-w- (T/f/z) c

1 ' 1
[—,— E5 (ag3rg) - =y Ey (ag3R) ],

T'o
where
r'g = max (rg, R - C, A t/2),
Coor il 251 108 is the speed of light in water (im/sec),
and

the other parameters, previously defined, are referenced in section 6.5.1.

The decibel equation corresponding to equation 6.83 is given by

H (RG) = ES+EC+BS+W+L+D+R'5 - 22,51 ,
where

H,(RG) = 10 log (i, (RG)),

R'3 = 10log [—r,LO- Es (agz1'g) - é E, (ag3R)] ,
and

ES, EC, BS, W, L, and D, previously defined, are referenced in section 6.5.1.

(6.35)

(6.83)

(6.84)

(6.85)

(6.80)

(6.87)

(6.88)
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Equation 6.35 is reduced to a sum over spectral lines for laser-illumination sources:

N
in - AO z h’n (RG, )‘i) S (7\1) . (6.89)
i=1

The function h'n (RG, A) for the simplified geometry is given by

4 .9 .
27r(l—cos61) 512w

W (RG,A) = 75 - wg * (7/f/2) -

[L B, (ag3r'g) - — Es (ag3R)] . (6.90)
T 0 R

The corresponding decibel equation is given by

H'n(RG) = BS+WR+L+D+R’3 - 22.51. (6.91)
For the general geometry in figure 6.8, the spectral density of the noise irradiance for a
range-gating system is given by

97 cos? () Tej3 I3 Ry 0 (7 J(0) e (c1§y *+e3fn) dr

h ()\) = ’
" 64 £/ cos (S + V) s R-r'g (2

(6.92)

In the simplification of equation 6.92 to obtain equations 6.84 and 6.90, the factor R-r/
R-r'o, in the integrand has been neglected so that the backscatter integral for the range-
gating system can be expressed in terms of the exponential integral E5(x).

6.3.3 VOLUME SCANNING — The technique of volume (or synchronous) scanning allows
the receiver to reject backscattered light by making the common volume of the source beam
and receiver field-of-view as small as possible and as distant as possible from the receiver.
This is accomplished by scanning a well collimated light source over the target. The receiver,
which is usually an image-dissector tube, synchronously scans the target with a narrow dif-
ferential field-of-view. The geometry for the volume-scanning system is illustrated in figure
6.12. The system forms an image by sweeping the target element in a plane that is perpen-
dicular to the plane of the paper. Depth-of-field is an important consideration for volume
scanning. As figure 6.12 indicates, the depth-of-field in front of the average viewing range

is given by

2
05R

A~ (6.93)
d+ 03R

when 03 is expressed in rad.
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6.3.3.1 Signal-Current Equations — The signal photocurrent for a volume-scanning system
is given by

700

ii= [ psusma, (6.94)
400

where pg(A) is the spectral density of the power incident on the photocathode of the detec-
tor. The effective bandwidth approximation reduces equation 6.94 to

iy = Pg(VS) [GO(S) - GO(S)] . (6.95)

For the geometry in figure 6.12, the function 'f)'S(VS) is given by

-~ -ag~R
pS(VS) =eq Py wWrTAL " o i e 82 , (6.96)
167 2 2 3/2
(R +d9)

where

A, is the area of the entrance pupil of the optics for the detector,

1/2 < _
°1, R%2+dH) " 3
= = i i o 6.97

8=, R o (6.97)

and

the other parameters, previously defined, are referenced in section 6.5.1.

The decibel equation corresponding to equation 6.96 is given by

P.(VS) = EC+TR+W+A+Ry+Rs - 748 | (6.98)
where
P, (VS) = 10 log (pg (VS)), (6.99)
A = 10log (rA,) , (6.100)
Ry = 10 log [—L—] (6.101)
(R2+42)>?
Rs = lOlog(e_ag2R>= - 434 (ag)R), (6.102)
and

EC, TR, and W, previously defined, are referenced in section 6.5.1.

*Values for c‘]/oz and ¢ ,/a are found in table 6.1 for various values of 0 and 6 3 and the s/a ratio for \ = Ag-
The s/a ratios for different wavelengths are found in table 6.10.
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Equation 6.94 is reduced to a sum over spectral lines for laser-illumination sources:

p's (VS,N) S\ . (6.103)

N
k=

1=1

The incident signal power at the wavelength )\i is given by

1 9
P (V) = py * Wy * TA, + ——+ —R . exp (-agyR) . (6.104)
(R +d9)
The corresponding decibel equation is given by
P'S (VS) = TR+WR+A+Ry+Rg - 7.48 . (6.105)

The spectral density of the signal power is generally given by

9 R

PN = poy WR(A) TA, exp (-agyR) . (6.106)

s (R2 n d2)3/2

6.3.3.2 Noise-Current Equations — The noise photocurrent for a volume-scanning system
is given by
700

i = [ pVsmax (6.107)
200

where p(A) is the spectral density of the power incident on the photocathode of the detec-
tor. The effective bandwidth approximation reduces equation 6.107 to

i, = Py (VS) [GOL(N)) - GOy(N) ] (6.108)

For the geometry of fig-ure 6.12, the incident function 5n (VS) is given by

= = 9 . 1 " 1

pn (VS) = 64 "MS W TAe ‘ E %Ez (agzr 0) = EEz (O(ng) 5 (6109)
where

r'’p = R-A (Ais given by equation 6.93) (6.110)
and

the other parameters, previously defined, are referenced in section 6.5.1.

The decibel equation corresponding to equation 6.109 is given by

P, (VS) = EC+BS+W+A+R'"; - 1048 , (6.111)
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where

P, (VS) = 101log (p, (VS)) , (6.112)

r 1 1 1
R"; = 10log [—r”o E2 (agyrg) - EEZ (ozg2R):| , (6.113)
and

EC, BS, W, and A, previously defined, are referenced in section 6.5.1.

Equation 6.107 is reduced to a sum over spectral lines for laser-illumination sources:
N
in = ) PH(VS,A)SAy) (6.114)
i=1

The incident noise power at the wavelength A; is given by
, _ . .9 11 Iy 1
P n (VS, 7\1) =7ns-: WR TAe E I:% E2(ag2r O) —§E2 (OngR)] . (61 1 5)

The corresponding decibel equation is given by

P’ (VS) = BS+WR+A+ R"3 -10.48 . (6.116)

The spectral density of the noise power is generally given by

1/2 R “(eqr gVt +d)
9 wip(N) TA R o(m-y)e dr.(6.117)
R e
16 (R2 N d2)1/2 A (r2 +d2)

P, () =

6.4 RELATIONSHIP OF PERCEPTION, RESOLUTION, IMAGE CONTRAST, AND
PHOTOCURRENT LEVEL

The signal and noise photocurrents for various types of undersea optical viewing systems p
are used to determine their imaging capabilities. Image contrast, noise-limited resolution,
and photocurrent level are related by the display signal-to-noise ratio of the system (ref.
6.7). This relationship is described for an ideal photon-limited receiver and for real receiv-
ers in sections 6.4.1 and 6.4.2, respectively. The signal-response curves (fig. 6.4) for the
various receivers are a result of this analysis. The noise-limited resolution of the system can

*Noise-limited resolution is the maximum resolution that the system can achieve; it does not include the degradation of
image quality due to small-angle scattering and the limitations of the receiver’s optics. The point spread function of the
combined seawater-receiver optics system must be determined to specify the actual resolution which is present in the
display. Under most operating conditions, the degradation of image quality due to small-angle scattering is of minor
importance when compared with the other sources of image degradation which are included in the performance analysis
described in this section.

6-29



be calculated from the signal and noise currents by using these curves. Table 6.10 summa-
rizes the perception capabilities of human observers as a function of the limiting resolution
per minimum dimension of the target (ref. 6.8). This data, when combined with the resolu-
tion information from the signal-response curves, determines the basic performance of the
viewing system.

If only an approximate estimate of system performance is needed by the designer, the infor-
mation in section 6.4.3 can be used to relate the signal current to an equivalent faceplate
illuminance level in footcandles (fc) for a standard 2854 °K incandescent source.

6.4.1 IDEAL RECEIVER — For a photoelectron-noise-limited receiver, the display signal-
to-noise ratio is given by (ref. 6.7)
R (n2 - nl) t
SNRp = ) : 72 (6.118)
[(n2 + 111) t:]

where n, is the photoelectron rate from a bright area of the image; 1'11 is the photoelectron
rate from an adjacent dark area; and t is the sampling or integration time of the human eye.
The image contrast is defined by

_ i i (py/py)

C > Wol, , (6.119)
where

B = ighliie (6.120)
and

iy =Z—;is+in . (6.121)

The reflectances p5 and p| correspond to adjacent bright and dark resolution elements on
the target. If N is the number of resolution elements (number of television lines) which can
be fitted into a picture height and the picture has a 4 by 3 aspect ratio, the display signal-to-
noise ratio can be written as

e 12
c_ 1 12t:|
SNRpy = = 6.122

= (2_C)1/2N[(4/3)e el 20

For a resolution element to be detected by a human observer, SNRy must exceed some
threshold value K. For isolated disks, the value of K has been estimated to be approximate-
ly four, while K = 1.2 is sufficient for a bar pattern (ref. 6.7). The limiting resolution™ of
the receiver is obtained when SNRpy reaches its threshold value K. Using K = 4, the limiting
resolution is

*Limiting resolution is defined as the number of lines per picture height at which an element subtending one line has
a 50 percent probability of detection (ref. 6.7).
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e ipt ]1/2
Np = - —= . 6.123
L4 o2 [(4/3)e s)

Equation 6.123 is plotted in figure 6.13 for seven different contrast values and t = 0.2 sec.

6.4.2 REAL RECEIVERS — Internal noise sources in real receivers degrade the display
signal-to-noise ratio so that its value is substantially less than that given by equation 6.122.
The principal noises are the thermionic background current of the input photocathode,

the fluctuation noise associated with various gain-producing mechanisms within the sensor,
and the preamplifier noise. These various noises are normally statistically independent, and
they can, therefore, be added in quadrature. In addition to these noise sources, the image
is degraded in television camera tubes by the finite apertures of the electron optics, by the
fiber-optic image-transfer plates when the camera tube is coupled to an image intensifier,
and by the electron scanning beam (ref. 6.7).

For real receivers, SNRy can be written as

SNRpy = 75012 €12 Rsq @ (6.124)
N e2[(2-0)iy +2i3+ 214 ... ]1/2
where qu (N) is the receiver’s square-wave response, and i3, ig, . . . , are the various mean-

square noise currents referred to the input photosensitive surface. Rosell (ref. 6.5) has eval-
uated equation 6.124 for a variety of television cameras and image intensifiers. The curves
in figure 6.4 are the results of their analysis.

6.4.3 EQUIVALENT FACEPLATE ILLUMINANCE — Often a designer is only interested
in an approximate estimate of system performance. This estimate can be obtained by con-
verting the signal and noise currents i¢ and i, into an equivalent faceplate illuminance level
(fc) for a standard 2854 °K incandescent source. The typical specifications provided by
manufacturers for television camera tubes usually state a faceplate illuminance range for
normal operation. The equivalent illuminance is given by

E, = (6.125)

and

I

= , (6.126)
T KjAg

where Ag is the image format area (m2), and K is a conversion factor between current den-
sity and illuminance (A/m2fc). Specifically,

j.
K'=1

1= = (6.127)
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where

i = 5,00 HQ ax (6.128)
and
680 i
- 20 fV()\) HOY d) | (6.129)

S; (M) is the sensitivity (A/W) of the ith photosensitive surface, V(A) is the photopic luminos-
ity function, and H (A) is the spectral density of irradiance produced by a 2854 °K incandes-
cent source. Values of K; are compiled in table 6.11.

6.5 SYSTEM PERFORMANCE PROCEDURE

This section describes a method for organizing the previously presented equations, tables,
and graphs into a systematic procedure for evaluating viewing system performance. Figure
6.14 is a block diagram which indicates the major steps required for system evaluation. The
designer must first identify the problem to be solved, e.g., the calculation of the increase in
viewing range provided by a sophisticated and expensive extended-range system when com-
pared with a conventional system in a particular type of seawater. The procedure used to
evaluate the performance of candidate designs depends upon which system tradeoffs are
important to the designer. In the determination of input parameters, some variables will be
assigned fixed values, while a set of values for other parameters must be selected so that the
variation of system performance with these parameters can be determined. Once the prob-
lem is defined, the procedure normally involves the evaluation of a series of equations which
provides the variation of image contrast and limiting resolution with range for each combina-
tion of input parameters.

Section 6.5.1 is a glossary of system performance analysis. Section 6.5.2 summarizes the
steps which must be taken to use the procedure described in figure 6.14. A complete set of
work sheets for performing the calculations according to this procedure is provided in appen-
dix A, and appendix B furnishes numerical examples of the calculations.

6.5.1 GLOSSARY FOR THE SYSTEM PERFORMANCE ANALYSIS

6.5.1.1 Light-Source Characteristics

E(A)dN : spectral efficiency of source (radiant output power in the bandwidth dA
per watt of input electrical power), see figure 6.3 and table 6.6 (W/W).

w : electrical input power (W).
wRr(A;) : average radiant output power at the wavelength A; (W).
J(0.,¢) : radiant intensity of the light source (W/sr).

61 : half-angle of the equivalent conical beam pattern (deg).
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half-power angle of the beam pattern, i.e., J(0 1/2) =1/2 }0) (deg).

6.5.1.2 Receiver Characteristics

Aoi

A

T

it |e
03 H
S(A) -
G(A) -

e :

image format area on the photosensitive surface (mz).

area of the entrance pupil of the optics (1n2).
transmission coefficient of the optics (W/W).

f number of the optics (mz/mz),

half-angle of the field-of-view (deg).

spectral sensitivity, see figure 6.5 and table 6.7 (A/W).

combined spectral response for the light source and television camera,
see equation 6.21 and table 6.8 (A/W).

6.5.1.3 Extended-Range Equipment Characteristics

612

62:

632

642

ratio of the radiant power transmitted by the polarizer to the incident
radiant power in the source beam (W/W).

ratio of the radiant power transmitted by the analyzer to the radiant
power of incident unpolarized light (W/W).

average transmission coefficient of the electrooptical shutter used to
gate the source in a range-gating system (W/W).

collection efficiency of the projection optics used to collimate conven-
tional sources for the range-gating and volume-scanning systems (W/W).

polarization coefficient of the light reflected from the target (W/W).
polarization coefficient of the backscattered light (W/W).

light pulse and receiver gate duration (sec).

depth-of-field in front of the average viewing range, see equation 6.93 (m).

6.5.1.4 Target Characteristics

Pl
Py

reflectance of a dark resolution element (W/W).

reflectance of a bright resolution element (W/W).
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