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ABSTRACT

Page
UNDERWATER LIGHTING BY SUBMERGED LASERS
- - - was measufed at virtually all distances on-axis and off-axis in
seven kinds of water, 7-16 to 7-31
- - - is represented by an equation for engineering use, 7-33
- - - is predicted in other kinds of water, 7-36
- - - is predicted at any wavelength. 7-37
UNDERWATER LIGHTING BY SUBMERGED INCANDESCENT SOURCES
- - - was measured at virtually all distances
on-axis, 4-24 to 4-35
off-axis, 6-19
from a spherical lamp, 4-28
from a plane diffuser, 2-2
with polarization. 5-13
UNDERWATER LIGHTING FOR PHOTOGRAPHY
- - - is illustrated
at short ranges, 3-14
at long ranges, 3-15
by measurements, 3-8
by equations. 3-5
OPTICAL PROPERTIES OF WATER
- - - are identified and defined in Appendix A,
- - - have been measured by new techniques for
attenuation, 2-8
scattering, 2-18

absorption. 2-20
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1. INTRODUCTION

1.1 A DECADE OF RESEARCH

This final report under contract N00014-69-A-0200-6013 presents the results of a ten-year program of
research on underwater lighting by submerged light sources, including lasers. It covers the decade from
1961 through 1970 and is part of a continuing research program in hydrologic optics that has been carried
out by the author and some of his colleagues since 1944.* Many of the experiments were performed at a
field station at Diamond Island in Lake Winnipesaukee, New Hampshire. The account which follows be-
gins with brief descriptions of the origins of the research and of the field station.

1.2 ORIGIN OF THE RESEARCH PROGRAM

Recommendations in 1947-48 by an ad hoc Working Group of the present National Research Council
Committee on Vision that research in hydrologic optics under Navy sponsorship should be initiated by the
author resulted in the establishment of the Visibility Laboratory and the field station at Diamond Island.
An uninterrupted succession of Navy contracts from 1948 to the present have been responsible for most of
the Laboratory’s in-water research. Other agencies have also participated including the National Science
Foundation, the National Aeronautics and Space Administration, and the Departments of Commerce, In-

terior, and Transportation.

The chairman of the 1947 Working Group was Dr. Edward O. Hulburt, then Superintendent of the Op-
tics Division of the Naval Research Laboratory, and its members included the author of this report. The
task of the Group was to develop means for predicting by calculation the visibility of shallowly submerged
objects.

After a considerable study during 1947, the Working Group concluded that new fundamental know-
ledge was needed concerning (1) the optical effects of water waves, (2) the manner in which submerged
objects are illuminated by daylight, (3) the directional reflectance of submerged surfaces, and (4) image
transmission by ocean water. It recommended, therefore, that research on these topics should be spon-
sored by the Navy. The Group also searched for a suitable principal investigator. It was found that, ex-
cept for the author of this report, none of the scientists who had previously conducted optical research in
the ocean were available. Accordingly he was urged by his fellow members on the Working Group to under-
take the needed studies. The required research began in the summer of 1948 under an ONR contract.

* Duntley, S. Q. (1946) VISIBILITY STUDIES AND SOME APPLICATIONS IN THE FIELD OF CAMOUFLAGE,
Summary Tech. Rept. Div. 16, NRDC (Columbia Univ. Press, New York), Vol. 2, pp 210-212, available from

DDC as AD 221102.
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1.3 GUIDELINES

Several guidelines for the new experiments were developed by the Working Group and particularly by
Dr. Hulburt. He advised that the costs and difficulties of conducting the experiments from aircraft at sea
would be so great that the probability of eventual success would be low. He believed that the investiga-
tion would fall short of its goals unless an inexpensive and favorable outdoor working environment could
be found. Dr. Hulburt recommended: (1) that the experiments should be initiated in a fresh-water lake,
where many ocean complications would not be encountered; (2) that no aircraft be used, but that a struc-
ture be erected from the bottom of the lake to support the ‘‘aerial’’” observer and his measuring equipment;
(3) that the site be reasonably isolated from public intrusion. Dr. Hulburt expected that the magnitudes of
the the optical properties of lake water would differ from those of corresponding quantities in the oceans
but that the significant optical principles would be identical. He recommended that the research be shifted
to the ocean only after the principles were understood and the experimental techniques perfected. The
Working Group unanimously endorsed these wise recommendations and the author proceeded with them as
guidelines.

1.4 ORIGIN OF THE FIELD STATION AT DIAMOND ISLAND

A suitable site for the experiments was selected about two hours drive from the author’'s laboratory
at M.I.T. It is located in Lake Winnipesaukee, New Hampshire at Diamond Island. As shown by the maps
in Fig. 1-1, the island lies about one mile off the south shore of this large lake. In 1947 it was inhabited
only by its owner, Frederick C. Spooner (M.I.T. "19) of Lincoln, Massachusetts. Roughly oval, it is three-
eighths of a mile long, three-sixteenths of a mile wide, and comprises about 35 acres of mixed forest.
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Figure 1-2 shows oblique aerial photographs of the island as seen from the south. It is hilly, the highest
ground being about a hundred feet above lake level. A location excellent for all aspects of the work ex-
isted on the south shore of the island. (See Fig. 1-2.) Arrangements were made among the Office of Naval
Research, its contractor (the Massachusetts Institute of Technology), and the owner of Diamond Island
(F. C. Spooner) for the establishment of a field station where the desired research could be conducted.
Later, in 1952, the author moved the Visibility Laboratory from M.l.T. to the Scripps Institution of Ocean-
ography of the University of California in San Diego, and custody of the field station shifted to that in-
stitution.

?p e o V"ﬁi“%‘::,m 4

Fig. 1-2. Diamond Island, Lake Winnipesaukee, New Hampshire



The research at Diamond Island by the author and his colleagues began in 1948 and continued
throughout successive summers until 1966. Subsequently, the U.S. Navy Underwater Sound Laboratory
Center, New London, Connecticut acquired the facility and, in 1969, began experiments in underwater op-
tics and acoustics there.

1.5 THE FIRST DECADE (1948 — 1958)

The Visibility Laboratory experiments at Diamond Island comprise two distinct eras. The first decade
was devoted to the original problem of the Working Group, which might be called ’‘the daylight case’’ be-
cause all of the light was provided by the sun and the sky. Scant attention was given to objects illumi-
nated by submerged artificial light sources.

Sunlight and skylight penetrate the water to illuminate any submerged object and, because of scatter-
ing within the water lower its apparent contrast. (See Appendix A, pages 225 to 233.) Optical effects of
several kinds occur at the water surface and are complicated by the water wave structure. All of these
phenomena were studied at Diamond Island under the. entire gamut of lighting conditions, weather condi-
tions, and directions of view. Many ancillary problems were also investigated. A full account of the re-
search at Diamond lIsland in the first decade would, as a single document, make a report larger than this
one. The results are spread, however, among many Visibility Laboratory reports and publications. Still
other papers, chiefly by the author’s colleagues, describe related experiments that they performed at sea.
A bibliography of these writings is in Appendix B of this report.

1.6 THE SECOND ERA (1959 — 1966)

The second era of research at the Diamond Island field station was concerned with underwater light-
ing from submerged artificial sources. Initially, lighting produced by submerged conventional sources was
studied in the interest of underwater photography, television and direct viewing from submersibles or by
swimmers. Experiments of this kind began in 1958 and dominated the program in 1959 and 1960. By 1961
interest had centered on the probable advent of underwater lasers capable of producing blue-green light
either continuously or at very high peak power and short pulse duration. Actually no underwater laser
source was available until 1964, but in anticipation of it experiments were conducted in 1961 and 1962
with an incandescent underwater projector which produced beams of light similar in diameter and collima-
tion to those expected from underwater lasers. Experiments with underwater lasers were made at Diamond
Island in 1964, 1965, and 1966.

1.7 SIMULATION OF OCEAN CONDITIONS

Transfer of the laser experiments from the lake to the ocean was initiated in 1967. A site survey was
made, but funds could not be found for so expensive a research undertaking. ONR funded, however, a pro-
gram of simulated ocean laser experiments that were eventually conducted at model scale in a special
laboratory tank. Preparations for this work proceeded throughout 1968, 1969, and early 1970. Financial
supplementation was provided by the U.S. Naval Air Development Center, the U.S. Naval Ordnance Labora-
tory, the Department of Commerce, and Sea Grant College Program of the National Science Foundation. Ex-
tensive data on the propagation of laser beams through simulated ocean waters of many kinds were achieved

during 1970.



This report covers all of the experiments on underwater artificial lighting made during the ten-year
lifetime of Contract N00014-69-A-0200-6013, 1961-1970, including both the research at Diamond Island
(1961-1966) and that in the ocean simulation tank. Many of the experimental and theoretical studies
which preceded Contract NO0014-69-A-0200-6013 were essential predecessors to it, and some of the ini-
tial experiments under it were preliminary to the subsequent work with submerged lasers. The relevant
preliminary experiments are summarized in the section which follows.
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2. OPTICAL PROPERTIES OF WATER

2.1 EXPLORATION OF FUNDAMENTALS

The first decade of research at Diamond Island (1948 — 1958), although dedicated to the daylight case,
served to explore many of the fundamentals of hydrologic optics and thereby to lay the foundation for all
of the research desctibed in this report. One product of the first winter of contract N00014-69-A-0200-6013
was the writing of a paper entitled ‘‘Light in the Sea’’ which provides a comprehensive overview of these
fundamentals. It also interprets the experiments with submerged incandescent lamps which were performed
at Diamond Island during the summers of 1959, 1960, and 1961. A reprint of “‘Light in the Sea’’ has been
included as Appendix A of this report, partly because it is a product of the contract but principally be-
cause it provides definitions of the concepts, the terminology, and the notation used throughout this re-
port. It also includes essential descriptions of some of the apparatus used throughout contract
NO00014-69-A-0200-6013 and it presents the results of experiments with a highly collimated underwater
light source that were performed at Diamond Island during the first summer of the contract. Numerous
references to paragraphs, equations, and figures in “’Light in the Sea’’ will be made throughout this report.
The terminology and symbols it defines will be used but not defined again here. The concepts it develops
will be referenced by page number, but the development will not be repeated. In short, it is assumed that
readers will familiarize themselves with the contents of ‘‘Light in the Sea’’ (Appendix A).

This report also contains several other appendices drawn from previous reports or from papers which
have evolved in the course of the long program. These appendices have been included to supplement and
shorten this report.

2.2 EARLY MEASUREMENTS OF UNDERWATER LIGHTING BY SUBMERGED LAMPS

Although a few experiments during the first decade at Diamond Island employed submerged incandes-
cent lamps for various purposes, the first extensive measurements of the underwater artificial lighting
were performed in the summers of 1959 and 1960. The results are described in two reports which are in-
cluded here as Appendices G and H. The principal results of the 1959-60 studies are also summarized
briefly on pages 221, 222, and 223 of Appendix A. An interesting addition to one of these experiments
was made in 1962 under contract N00014-69-A-0200-6013, as described in the following section.
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2.3 DISAPPEARANCE OF RECEDING SUBMERGED LAMPS

A phenomenon having important implications to underwater imagery and the performance of underwater
laser systems is described on page 221 of Appendix A, as follows: ... areceding, uniform, spherical
lamp appears to be surrounded by a glow of scattered light which becomes proportionately more prominent
as lamp distance is increased, until at some range, often 18 to 20 attenuation lengths, the lamp image can
no longer be discerned and only the glow is visible.”” Thus, any object becomes obscured by its own
scattered light, even in otherwise unlighted water. Figure 15 on page 222 of Appendix A illustrates part
of this phenomenon by means of curves showing the angular distribution of apparent radiance of a uniform
spherical incandescent frosted lamp at a series of increasing distances up to 9.6 attenuation lengths. Be-
cause the apparent angular diameter of the lamp decreased from 38.4 milliradians to 6.7 milliradians in
this experiment, interpretation of the curves is not simple. The experiment was repeated, therefore, in
1962 with the angular diameter of the source maintained constant at 10 milliradians.

Figure 2-1 shows how the 1962 experiment was configured. [t was not possible to obtain a series of
spherical lamps having a range of diameters suitable for such an experiment, but it was easy to achieve a
corresponding result using a plane circular diffuse emitter. As depicted in Fig. 2-1, the same 1000-watt
spherical underwater lamp used to produce Fig. 15 in Appendix A was housed in a water-filled, rectangular
metal box one end of which was closed by a sheet of diffusing plastic. Several sheet metal caps were
made to cover this end of the box. In the center of the first of these a circular aperture was cut one-half
foot in diameter. Similar metal caps containing holes respectively one-fourth, one-eighth, and one-
sixteenth foot in diameter were also made. The diffusely emitting plane source, masked to a diameter of
one-half foot by means of the appropriate metal cap, was placed 50 feet in front of the image in water of
the entrance pupil of the telephotometer. This image was 1.75 feet behind the water-glass surface of the
observation window. The angular distribution of apparent radiance thus produced was measured by means
of the same automatic scanning, photoelectric, telephotometer used to obtain the data in Fig. 15 of Appen-
dix A. A photograph of this equipment and a description of it is given in Section 2.7 of this report. As in

100
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Fig. 2-1. Angular distributions of apparent radiance produced by plane circular, diffuse, submerged sources

10 milliradians in angular diameter.



the case of Fig. 15 of Appendix A, the telephotometer had a circular acceptance cone 0.25 degrees in an-
gular diameter (in air) and had its spectral response limited by a Wratten 61 filter. Thus, a submerged
circular plane source 10 milliradians in angular diameter was scanned with a 0.59 milliradian accept-
ance cone.

The lamp was then moved 25 feet closer to the telephotometer and the diameter of the plane emitting
surface was reduced to a diameter of 1/4 foot, so that the apparent angular diameter of the source re-
mained 10 milliradians. The new angular distribution of apparent radiance was then recorded. In this way
a family of four radiance distribution measurements were made at lamp distances of 50, 25, 12.5, and 6.25
feet respectively but with the diameter of the plane emitting source correspondingly reduced (1/2 ft.,
1/4 ft., 1/8 ft., 1/16 ft.) so that the source always subtended the same angle (10 milliradians) as seen
from the telephotometer.

The resulting data are shown in Fig. 2-1 In each case the apparent radiance of the diffusely emitting
plane surface has been normalized to unity in order to display the shape of the curves most simply. If de-
sired, relative values of the apparent radiance of the diffusing disk can be easily calculated from there-
spective true water path lengths (48.25, 23.25, 10.75, and 4.50 feet) and the prevailing attenuation length
(4.62 ft/In) since the reduction of its apparent radiance with distance depends only on the attenuation co-
efficient a, as illustrated by Fig. 14 on page 221 of Appendix A. The radiance distributions in Fig. 2-1
illustrate quantitatively the way in which the square-shouldered image of the circular disk disappears into
its own scattered light with increasing lamp distance. By visual inspection, the spherical source could
not be discerned at a lamp distance of 75 feet (16.2 attenuation lengths), although the water was bright
with the scattered radiance from the lamp.

The limiting range at which a distant submerged lamp disappears in its own glow can be increased
only slightly by providing more lamp power. A more powerful lamp produces a brighter glow which changes
the adaptive state of the eye, thereby lowering its contrast threshold and enabling the lamp to be moved
to a slightly greater distance before the apparent contrast between the lamp and the glow surrounding it is
reduced to the new threshold value. It is futile to seek a substantial increase in the distance at which
the outline of a self-luminous, submerged object is discernible simply by using a giant lamp. Replacement
of the one kilowatt lamp with a 5 kilowatt bulb would have produced a brighter field of view from the ob-
serving port but would have increased only slightly the limiting distance at which the shape of the lamp
could be seen.

2.4 MEASUREMENT OF THE VOLUME ATTENUATION COEFFICIENT

All of the sections to follow in this report make extensive use of a measurable optical property of
water called the spectral volume attenuation coefficient. It relates to the image-transmitting properties of
water and to the transmission of small diameter collimated beams of light, as well as to various other
phenomena. A remarkable variety of different kinds of measurements yield identical values of this water
property. This suggests that a basic property of water is being measured, since no unique experimental
procedure is required. The spectral volume attenuation coefficient will be denoted in this report by the
Greek letter alpha (a).”

* For reasons of convenience (see p. 216 of Appendix A), the reciprocal of alpha (1/a) appears much more often
throughout this report than does alpha itself. Reciprocal alpha (1/a) is called attenuation length; in that dis-
tance through optically uniform water there is attenuation by a factor of 1/e = 0.3679.
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WHAT IS ALPHA?

Several formal definitions of the spectral volume attenuation coefficient appear in the scientific liter-
ature. Some of the definitions are stated in words; others employ the language of mathematics. Most
writers use a mixture of both. Three definitions of alpha given by the author in previous writings are
quoted later in this section,but first it is important to note that every formal definition represents a model
of nature. The very fact that many quite different models have been defined illustrates that attenuation
has multiple aspects. It suggests that, actually, several different forms of spectral volume attenuation
coefficient are possible, each for use in some particular circumstance. Amazingly, however, numerical
values of alpha for natural waters are alike by nearly all reasonable techniques within the precision and
accuracy of conventional, high quality radiometric measurements — photoelectric, photographic, or visual.

A succession of engineers and scientists have constructed apparatus intended to fulfill as closely as
practicable the requirements implied by one or another of the definitions. Each builder points out that his
design seeks to approximate some definition. Nearly each user becomes concerned about whether the in-
strument he is using measures alpha properly for his particular application. No one seems sure and this
is a perpetual source of concern to the entire user community. It also disturbs some theoreticians, who
seek to build models into useful mathematical structures of great complexity. The quandaries become
more serious and more perplexing when the question is asked, ‘Do the optical processes of nature obey
my model of alpha?’’ This question is rarely resolved to anyone’s satisfaction, chiefly because it is more
appropriate to ask ‘‘Do my alpha data adequately describe the pertinent observable effects?’” The latter
question can usually be answered by an emphatic "‘yes,”’ because a bewildering variety of methods for
measuring attenuation give the same numerical result within the accuracy and precision ordinarily
achieved. Within that limit there is a unique, easily measurable, widely useful, numerical property of

v

natural waters that can be called “‘alpha.’

The spectral volume attenuation coefficient is the cornerstone of this report. The paragraphs which
follow describe many experimental techniques and devices by means of which this universal water prop-
erty can be measured. All of them, when properly executed, yield the same numerical value. Theoretical
relations for the use of alpha appear throughout this report and its appendices. Many, many others can be
found in the literature. Formal definitions of alpha will be postponed until this observable property of
natural waters has been introduced by descriptions of means for its measurement and by examples of its
use. This is a practical approach to what has sometimes seemed to be an illusive concept lying at the
very foundation of hydrologic optics. It is hoped that the paragraphs which follow will show that there
exists a real, unambiguous, useful descriptor of the monochromatic optical properties of natural waters
which is easily measurable by any one of many different techniques and is directly useful in unifying the
propagation of light and images through natural waters. Once this practical concept has been accepted,
it is easy to place reliance on measurements and to use data and equations alike for deeper understand-

ing and useful accomplishments.

TECHNIQUES FOR MEASURING ATTENUATION

No attempt will be made to catalogue all available techniques for measuring the spectral volume atten-
uation coefficient alpha (a). There are dozens, and new methods or variants on old ones can easily be in-
vented. It is, however, important to consider several significant and quite different types of measure-
ments which, in all cases, yield the same numerical result. This will be done in the paragraphs

which follow.



Conirast Reduction. The initial research at Diamond Island (1948) concerned the visibilily of sub-
merged objects, i.e., the limiting distance at which an underwater observer could visually detect a sub-
merged object. Analogous experiments in air had already been made in the atmosphere as early as 1923
by Kochmeider in Germany and later by many others, incliuding the author. The apparent contrast of ob-
jects viewed along horizontal atmospheric paths of sight against an apparent background of cloud-free
horizon sky had been found to diminish exponentially with distance. An attenuaticn coefficient a was
assigned to this phenomenon. Underwater photographic telephotometry of objects along horizontal sub-
merged paths of sight disclosed that the simple exponential form of contrast reduction equation aiso holds
in daylit water.” The first data on the volume attenuation coefficient of water at Diamond Island were,
therefore, calculated from photographic telephotometry of submerged objects. Immediate use of this in-
formation, combined with laboratory visual thresholds, successfully predicted the ranges at which under-
water observers could detect specific objects. The value of volume attenuation coefficient measured in
this way was, therefore, the desired descriptor of water for studies of the visibility of submerged objects.
Measurements of a by any other technique had to be validated against underwater daylight telephotom-
etry. Several years elapsed before serious efforts were made to devise other means for making attenua-
tion measurements, because research interest was centered on exploring the laws of contrast transmission
by various paths of sight through water and through the water surface.

Transmissometer. Experiments at sea and, later, Diamond lIsiand research with artificial lights at
night required an instrument for measuring alpha. Rudimentary light beam transmissometers had been used
by others. The first such device seen by the author (1944) consisted of a wooden yardstick with a flash-
light taped to one end and a waterproofed photoelectric photographic exposure meter taped to the other; it
is not a recommended transmissometer. A succession of steadily improving Visibility Laboratory designs
produced a truly excellent transmissometer (see Fig. 2-2) which was used at Diamond Island in 1958 for
research described in Appendix C. These experiments used laboratory psychophysical visual detection
threshold techniques underwater for the first time. They showed, in a very careful series of measurements,

Fig. 2-2

Submergible photoelectric trans-
missometer in use at Diamond
Island. Both light source and
receiver were collimated.

Personnel: John Foster (kneel-
ing) and John E. Tyler.
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that identical values of volume attenuation coefficient, valid for use in numerical predictions of the limit-
ing visual detection ranges of small submerged objects, were produced both by daylight telephotometry
and by the submersible transmissometer shown in Fig. 2-2.

Alpha from Visual Threshold Range. The underwater psychophysical experiments described in Ap-
pendix C show that laboratory visual threshold data are applicable to valid numerical predictions of visual
threshold distances. Such laboratory thresholds show that black-suited swimmers having no areas of
higher reflectance will, when deployed horizontally, lose sight of each other at a separation of 4 attenua-
tion lengths when there is ample daylight. Thus, two swimmers can determine reciprocal alpha (1/a) sim-
ply by separating horizontally while connected by a measuring line. One fourth of their mutual disappear-
ance range equals 1/a. No equipment other than a knotted, measured line is needed. Water clarity was
measured in this way throughout the ocean research site survey described in Section 7 of this report.

Alpha at High Collimation. The completion in 1962 of the second underwater tower and track at Dia-
mond Island, with precision remote pointing controls for the collimated incandescent underwater projector
(see Sec. 4.3), enabled the volume attenuation coefficient to be measured with highly collimated beams of
light over easily changed lengths of path. When used with the 2-watt concentrated-arc source and full
2-inch beam diameter the divergence of the projector was 0.175 milliradians (0.6 minutes of arc) measured
at 1/30 power points. Any beam diameter down to 1/20 inch was available, with increased beam spread
due to diffraction. When, for example, the projector using the 2-watt source was stopped down to a beam
diameter of 0.1 inch, the beam divergence was 0.6 milliradians (2 minutes of arc) at 1/30 power points.
These and various intermediate beam diameters were tried at lamp distances from 1 to 20 feet.

Several types of receivers were tested; one was the Visibility Laboratory Mark IV photoelectric tele-
photometer shown in Fig. 2-3. This superb instrument could be used with entrance pupil diameters from
35mm to 1mm and fields of view from 2 degrees to 0.1 minute of arc. Many combinations were tried on
the underwater track. By varying the length of the water path and making a semilogarithmic plot of flux
received vs. lamp distance, absolute values of alpha could be found from the slope of the resulting
straight line without requiring an air reading. These trials were also repeated with identical facilities in
the laboratory tank described in Section 7 of this report. In fact, such experiments are sometimes used as
a student laboratory exercise in one of the author’s courses. The values of attenuation coefficient are re-
markably unaffected by beam and receiver geometry as long as (1) stray light is effectively eliminated
and (2) the ratio of beam diameter to length of the water path is small. It is not necessary to have high
collimation at both the light source and the receiver, although stray light is easier to suppress when some
practical modicum of collimation is provided for both source and receiver. Beam divergence and receiver
field of view of the order of 1 degree seems to be a good choice for fixed path transmissometers using an
air measurement to establish the a = 0 reading. Their data agrees with that produced by daylight telepho-
tometry, visual threshold range, and by several other techniques for measuring alpha which are described
in paragraphs that follow. Higher collimation does not result in an appreciably different value of the vol-
ume attenuation coefficient.

Alpha from Measurements of Irradiance On Axis. The curves in Section 4.4 show several combinations
of beam diameters, beam divergences, and path segments for which the alpha-slope is followed when the
receiver is an irradiance collector. Many ways of measuring alpha are suggested by these curves. In most
practical circumstances, however, they are not attractive options from the standpoint of convenience.
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Fig. 2-3. Visibility Liaboratory Mark IV photoelectric telephotometer.

Alpha from Telephotometry of an Extended, Diffuse Source. The most convenient way of measuring
alpha at night with the underwater tower and track at Diamond Island made use of the Mark |V telephotom-
eter and an extended, diffuse source of light at variable distance in the water. The method evolved from
the experiment diagramed in Fig. 2-1. Telephotometer measurements of the apparent radiance of the center
of the diffusely emitting surface produced a straight line on a semilogarithmic plot of apparent radiance
vs. lamp distance. The numerical slope of this line agreed exactly with alpha measured by the transmis-
someter and other techniques described above. In this case all of the collimation was provided by the
excellent telescopic optical system of the Mark 1V telephotometer.

In practice the diffusely emitting surface was that of a special inside-coated 1000-watt diving lamp
made for the author by the Large Lamp Department of the General Electric Company, Nela Park, Ohio
through the courtesy of Dr. Sylvester K. Guth. These lamps have served many special research purposes
throughout nearly 10 years. Fig. 4-9 shows one of the production type 1M/G25 G.E. 1000 watt clear div-
ing lamps in place on the first underwater cart. Clear lamps were not used in measuring alpha. A corres-
ponding mounting was provided on the second underwater cart. The Mark |V telephotometer was used with
a 1/4 degree field of view. A standardized technique was adopted in which the apparent radiance of the
bulb was measured at lamp distances of 8, 16, 24, and 32 feet. The results were plotted on special graph
paper having a nomographic scale on which a and 1/a could be read. Fig. 2-4 is an example of a typical
determination of alpha by this technique. The volume attenuation coefficients were measured in this way
throughout all of the experiments described in‘Sections 4, 5, and 6.

Alpha for Laser Light. Light from a continuous laser, like the argon-ion laser used in the laboratory
tank, is easy to use for measuring the volume attenuation coefficient. Several of the foregoing techniques
are applicable. For example, the method described in the preceding paragraph can be used by letting the
laser beam strike a table tennis ball. This becomes a uniform diffusely emitting source suitable for tele-
photometry at selected distances. A more convenient method, illustrated by Fig. 2-5, was used, however,
in taking the data given in Section 7. Light from the laser after passing through a water path of suitable
length entered the measurement window and passed through an opaque stop having a clearance hole about
1 cm in diameter. The beam then traversed approximately 1 meter of air before entering an integrating
sphere through a 1cm clearance hole. The path length in water was varied by moving the cart, and the re-
sulting photoelectric data were plotted in a manner similar to Fig. 2-4. This method was also used at
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Diamond Island to measure alpha with light from the RCA underwater pulsed laser. This measurement was

not made regularly because it was much more time consuming than telephotometry of the 1000 watt incan-
descent lamp. The value of alpha obtained with light from the RCA laser was identical with that found by
means of incandescent light and the Wratten No. 61 fiiter.

Fig. 2-4.
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responded to about 5 attenuation lengths at Diamond Island.
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DEFINITIONS OF VOLUME ATTENUATION COEFFICIENT

A measurable optical property of natural waters that has been called the spectral volume attenuation
coefficient has been introduced in terms of experiments, but formal definitions have been postponed for
reasons given early in Section 2.4 (See p. 2-4).  All of the several formal definitions appearing in the
literature lead to conceptual uncertainties on the part of engineers concerned with specific applications.
This is chiefly because the definitions tend either to ignore, or to be ambiguous with respect to, light
which experiences scattering but at so small an angle that it still reaches the detector. The amount of
such light may not be negligible, due to the intense scattering produced by all natural waters at very small
forward angles. Practical systems differ with respect to the way they collect forward-scattered light. A
theory-based statement like that on p. 216 of Appendix A which relates alpha to ‘‘residual radiant power
reaching a distance r without having been deviated by any scattering process’” is less sensitive to the
dilemma than are definitions which identify the attenuation coefficient with “‘residual image-forming light
received by the detector’’ or which specify that light must be scattered sufficiently ‘‘to fall outside the
summative diameter of the detector mosaic’’ to be counted as attenuated flux. The l|atter statements seem
to imply that alpha must be different for each application, depending not only upon the summative diameter
of the detector mosaic but also upon more subtle details, including the phase delays, if any, in the scat-
tered light.

No instrument for measuring alpha can match all user applications. Perhaps it can match none ex-
actly. Is the matter hopeless? Not at all. The experimental finding that identical numerical values are
produced by a wide variety of quite different methods for measuring the volume attenuation coefficient in-
dicates that inherent compensations are present which, within the precision and accuracy of conventional
good radiometric techniques, suffice to produce a stable numerical optical property of natural waters that
has widespread applicability to practical problems. For example, in a ‘‘lashed-together’’ comparison at
the U.S. Navy’'s Morris Dam Test Facility in March 1970 identical values of a, within instrumental preci-
sion, were measured in low clarity waters (a = 2.4 to a = 3.4 In/m) with the excellent doubly collimated
transmissometer described by R. W. Austin and T. J. Petzold,” having an effective receiver field of view
substantially less than 1-degree, and with the splendid doubly-collimated transmissometer described by
G. Sorenson and R. C. Honey,* which discriminates against light which has been scattered more than 1/6-
degree from the beam axis.

Many comparisons of beam transmittance measurements using various geometries were made on the
underwater optical benches at Diamond Island and in the laboratory ocean-simulation tank at Scripps In-
stitution of Oceanography. These experiments included some with water paths several meters long and
with very highly collimated source and receiver fields (> 0.2 mr). Only in extreme cases were alpha mea-
surements sensitive to high transmissometer collimation. Existing instruments, such as those referenced
above, as well as the many other techniques for alpha measurement described earlier in this section, pro-
duce effectively identical measures of an attenuation coefficient which is applicable to naked-eye visi-
bility by swimmers, to normal underwater photography and television, and to most other applications.

Specially measured attenuation coefficients may be needed for unusual imaging systems having very
high resolution, but each such case needs to be studied individually using valid data on very small-angie
scattering for the specific type of water in which the equipment is to be used. The latter requirement
stems from the variability of scattering at very small forward angles depending upon the concentration of

*See S.P.I.E. Underwater Photo-optical Instrument Application Seminar Proceedings p. 115-116 and p. 133-137,
February 1968.
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particles having diameters of 100 micrometers or more. In high resolution imagery, effects due to thermal
inhomogeneities and salinity gradients in the water must also be considered.

SPECTRORADIOMETRIC MEASUREMENTS OF THE VOLUME ATTENUATION COEFFICIENT

Nearly all of the experiments made at Diamond Island were in a single spectral region, because only
““monochromatic’’ effects were being studied. Most of the Visibility Laboratory’s measurements of spec-
tral effects in water have been made at sea. The spectral band used at Diamond Island was selected with
care; it is defined by the Wratten No. 61 filter. (See Appendix G, Fig. 2.)

The criteria originally considered when the Wratten No. 61 green filter was selected (1949) included
the following:

(a) Absorption should be at or near minimum.

(b) Absorption should be nonselective or nearly so.

{c) Spectral band-width should be as large as possible in the
interest of maximizing photoelectric sensitivity for long-
range measurements.

(d) The reflection function of the water (see p. 233 of Appendix A)
should be independent of depth.

(e) The effective spectral band pass established by the filter should
not be appreciably narrowed by the action of the water at long

path lengths.

The Wratten No. 61 filter seemed to fulfil these requirements best at Diamond Island on the basis of in-
ferences from the results of tests with many band-pass and high-pass filters.

It was a happy coincidence that when the RCA laser appeared at Diamond Island fifteen years later
that the wavelength of the light it emitted (530 nanometers) corresponded closely to the peak transmis-
sion of the Wratten No. 61 filter already in use at the field station. When, however, the initial measure-
ments of irradiance on-axis at long range seemed to show that laser light propagated differently than did
incandescent light (a tentative conclusion shown later to be untrue) the possibility that the effective
band-pass established by the filter for incandescent light was narrowed by the action of the water at long
path lengths arose once more. It was felt that a better exploration of this possibility than was accom-
plished in 1949 could and should be made.

The author’'s colleague, John E. Tyler, was asked to bring his new double-grating, recording, photo-
electric submersible, two channel spectroradiometer to Diamond Island for the purpose of measuring the
spectral volume attenuation coefficient with 10 nanometer resolution throughout the visible spectrum.
From such data the effect of long water paths on spectral band-pass can be calculated.

In Fig. 2-6 workmen are preparing to hand Tyler's spectroradiometer to divers, who will mount it on
the lake bottom. Tyler and Fred Pinkham, supervisor of the field station, supervise. In Fig. 2-7 Typer op-
erates the remote controls and annotates the recorder record as the spectral volume attenuation coeffi-
cient of lake water is measured from 400 nm to 700 nm with 10 nm monochromator band pass. The result-
ing data are given in Table 2.1, and are plotted as curve D in Fig. 2-8.

The transmittance of a Wratten No. 61 filter is also tabulated as a column in Table 2.1. The attenua-
tion coefficient for the band-pass of the Wratten No. 61 filter and for a nonselective source-receiver com-
bination were calculated for the first meter of path, the second meter of path, the third meter of path, and
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placed underwater to make spectral measurements of alpha.

Fig. 2-7. Spectral volume attenuation coefficients being measured by John E. Tyler at Diamond Island.
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TABLE 2.1

Attenuation” Transmittance™ Transmittance of
Wavelength Coefficient per unit of Wratten No. 61
(millimicrons) (relative values) path length Filter
400 .870 0.419
410 .798 0.450
420 .750 0.472
430 .685 0.504
440 .615 0.541
450 .575 0.563
460 .548 0.578
470 522 0.593
480 .500 0.606 .0033
490 .480 0.619 .0400
500 462 0.630 .1660
510 .445 0.641 .3230
520 430 0.650 .4000
530 420 0.657 .3960
540 414 0.661 .3450
550 410 0.664 .2630
560 408 0.665 1730
570 414 0.661 .0970
580 .428 0.652 .0440
590 473 0.623 .0166
600 .575 0.563 .0038
610 .608 0.544
620 .627 0.5634
630 .642 0.526
640 .655 0.519
650 .670 0.512
660 .684 0.504
670 .698 0.498
680 .718 0.488
690 .780 0.458
700 .875 0.417

* The attenuation coefficients in this table are expressed in relative units. The water at Diamond Island has an
attenuation length of about 1.5 meters/ln at 530 nm. Relative values of spectral transmittance lead to the con-
clusions drawn from these data.
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Fig. 2-8

Spectral attenuation length (1/a) vs
wavelength for (A) distilled water,
(B) Coastal water, (C) Chesapeake
Bay, (D) Diamond Island. Data
sources: A, B, C: E. O. Hulbert,
J. Opt. Soc. Am. 35, 698 (1945);
D: Section 2.4 of this report using
relative units. At Diamond Island
the attenuation length for 530 nm is

ATTENUATION LENGTH (METERS/LN)

about 1.5 meters/In.

1 1 | | 1
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so on. The result of this type of calculation out to 30 meters is shown in Fig.2-9A. This demonstrates
that the attenuation coefficient for the first meter of water is about 2 percent greater than the attenuation
coefficient for monochromatic light of wavelength 530my and that this 2 percent effect gradually dimin-
ishes essentially to zero at a lamp distance of approximately 30 meters, or about 12.6 attenuation lengths
for laser light. The calculations have been continued to lamp distances of 60 meters. The trend of the

curve continues and at a lamp distance of 25 attenuation lengths the attenuation coefficient has become
approximately 2 percent less than that for the laser beam. Additional interpretation is provided by
Fig. 2-9B, in which an equivalent volume attenuation coefficient (a') for the entire underwater path is
plotted for path lengths (lamp distances) from 1 to 60 meters; this was calculated by equating the inte-
grated beam transmittance for each path length to exp[ -a'r] and solving for a'. Figure 2-9 shows that the
equivalent volume attenuation coefficient gradually approaches the spectral volume attenuation coeffi-
cient (0.420 In/m) for 530 nm as the length of the path increases. For a 60 meter path the agreement is

within 0.2 percent. |t should be noted that the effect of lake water on the spectral band-pass of the

Wratten No. 61 filter is small. No correction is required in the position of the plotted points in Fig. 6-1.

[ SN NNPUR ENNPU (U G TN [N SRS TN NN NNV SAN (U SRI ST SO M
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LAMP DISTANCE (METERS)

ATTENUATION COEFICIENT

DIAMOND ISLAND 1964 FILTER: WRATTEN NO. 61

Fig. 2-9A. Illustrating the (small) change in attenuation coefficient with position along the underwater path.
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Fig. 2-9B. Illustrating the (small) change in equivalent attenuation coefficient with path length.

2.5 MEASUREMENT OF THE VOLUME SCATTERING FUNCTION

Measurements of the volume scattering function were made from 1950 until 1966. Most of them em-
ployed apparatus that was attached to a floating hollow box having a room with underwater windows.
Technically a caisson, this floating instrument platform was known to Laboratory personnel as the barge.
It is shown in Fig. 2-10 moored near the outer end of the underwater track. Both sides of the barge had

Fig. 2-10. Floating instrument platform (barge) moored near the outer end of the underwater track at Diamond
Island. The laboratory building can be seen on the wooded slope beyond the boat house.

centrally located, circular underwater windows with their centers 2.5 feet below the water surface. These
windows can be seen in Figs. 2-11 through 2-14, which show the caisson out of water on a marine railway
at a local boat yard, where it was built from a Visibility Laboratory design in 1948.

Figures 2-11 through 2-14 show the scattering meter attached to the barge. In the position shown, the
incandescent projector sends a beam of light outward above an |-beam and into a light-trap. The trap con-
sists of a hollow tube which terminates in a black-glass mirror set at 45 degrees to the vertical. A re-



movable cap above the mirror permits easy focusing and beam alignment. The scattering volume is lo-
cated directly above the pivot at the center of the I-beam. The Mark IV telephotometer, shown in Fig. 2-3,
is used inside the barge. Its optical axis passes through the center of the underwater window and directly
above the pivot. The telephotometer was focused so that its field stop was conjugated to the scattering
volume. A circular field of view 1.0 degree in angular diameter was frequently used. Between the projec-
tor and the scattering volume is a rectangular Waldram stop having a rectangular aperture 1 inch high and
0.75 inches wide. This stop pivots about an off-center point on the I-beam and is maintained parallel to
the axis of the telephotometer by means of a blackened tension line. Thus, it maintains the scattering
volume constant at all scattering angles.

The telephotometer would measure the volume scattering function at a large scattering angle, say 140
degrees, if used in the position shown in Figs. 2-11 through 2-14. The I-beam is carried by a circular
turntable equipped with detents at 5 degree intervals. In use, a swimmer turns the |-beam through5 de-
gree increments of angle as directed by the experimenter through an underwater loudspeaker. Measure-
ments can be made at scattering angles from 5 to 165 degrees. At scattering angles of 5 and 10 degrees
the light trap is removed and replaced by metal baffle plates put in place by the swimmer. Polarizers are
sometimes used on the projector and on the telephotometer.

Fig. 2-11

Research barge out of water on a marine rail-
way. Scattering meter attaches to the barge
outside the circular underwater window on
the right.
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Fig. 2-12. Scattering meter attached to research barge.-

Fig. 2-13.

Scattering meter attached to
research barge.

Fig. 2-14.

Scattering meter attached to research barge.
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Calibration of the Scattering Meter. The scattering meter was calibrated by mounting a black-glass
mirror directly above the pivot point of the I-beam (i.e., at the center of the scattering volume) so that the
light beam was reflected directly into the telephotometer inside the barge. Both the entrance pupil and
the field stop of the telephotometer were larger than the light beam. Thus, the telephotometer measured
the total power in the beam it received. The reflectance of the black-glass mirror was calculated from re-
fractive index data by means of Fresnel’s equation. These data together with geometrical measurements
permitted the scattering meter to be calibrated in absolute units.

Elimination of Stray Light. A serious amount of stray light is caused by multipath (glow) effects in
the water when the volume scattering function is measured at small angles. This must be minimized and
data corrections determined for all values of the volume scattering function below 45 degrees. Minimiza-
tion can be achieved by placing blackened metal plates in appropriate locations before each datum is
taken. The experimenter, looking out through the window of the barge, can see the glow of multiply scat-
tered light in the water and direct his swimmer-assistant in the best placing of the baffles. Erroneous
readings cannot be avoided by this means alone, especially at scattering angles of 5, 10, and 15 degrees.
Here stray light may equal or exceed that from the scattering volume. A simple correction to the data
can, however, be generated as follows: After each datum has been taken, the swimmer-assistant holds
a small, black, opague piece of metal attached to a long wand-like handle in the path of the light from
the projector just before it reaches the Waldram stop. No light then reaches the scattering volume; the
residual reading of the telephotometer is a measure of the stray light. This value must be subtracted from
the original (total) datum. Unless this correction is made, very serious distortions of the volume scatter-
ing function at small scattering angles will result.

Measurements at the Underwater Tower. The second underwater tower was equipped with windows on
each side in addition to the one above the track. In mid-1964 the scattering meter described in the pre-
ceding paragraphs was removed from the barge and installed on the underwater tower, outside the window
nearest shore. This location is directly beneath the door and footbridge shown in Fig. 2-6. All details of
the measurement remained the same.

Measurements with the Laser. During an absence of the author from the field station in August 1965
several experiments were made by visiting scientists from the US Naval Ordnance Test Station, China,
Lake, California. In one of these, the projector, Waldram stop, and light trap were removed from the |-
beam of the scattering meter and the RCA underwater laser was mounted in place of the projector. The
shape of volume scattering function curves thus produced appeared to have distortions typical of the ef-
fects of stray light at small scattering angles. This observation impelled the author to repeat the experi-
ment during the following summer (1966). Stray light corrections were generated by catching the laser
beam in a tiny black metal cup just before it reached the scattering volume. After these corrections were
applied, the 1966 curves showed none of the distortions exhibited by the 1965 data.

For comparison, volume scattering function measurements were made with the scattering meter in its
regular configuration (as in Figs. 2-11 through 2-14) on the same night in 1966 onwhich the laser data
were obtained. The result is shown by the dashed line in Fig. 2-15. On this occasion a small-angle
coaxial scattering meter of the type shown in Fig. 8 on p. 218 of Appendix A was used to measure the
volume scattering function at 0.5 degrees; see Fig. 2-15. This instrument is shown in Fig. 2-16. It was
designed and constructed by the Visibility Laboratory for the US Naval Air Development Center, and was
first used extensively at sea by Dr. Robert Morrison, then of N.A.D.C.
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The laser data are shown by diamonds in Fig. 2-15. At the larger scattering angles they parallel the
incandescent curve but are slightly higher. Between 30 and 40 degrees the laser data make an unex-
plained decrease by a factor of about 2 and then parallel the incandescent curve again. There is no cer-
tain explanation of this anomaly in the laser data. It went unnoticed until after data reduction a day or
two later. There was no opportunity to repeat the experiment. It may be speculated that some change
occurred in the built-in photoelectric monitor system of the laser or in one of the oscilloscopes. Some
operator error may have been made, or the oscilloscope pictures (i.e., the data points) may have been
labeled incorrectly with respect to the scattering angle. The author believes that if it had been possible
within the constraints of time and funds to have devoted another night to repeating the laser scattering
experiment, the laser points would have formed a continuous, smooth curve parallel to and slightly above
the nonpolarized incandescent curve at all scattering angles.

A reason for the small vertical displacement between the laser data and the incandescent points was
sought. It was known that the laser light was polarized whereas the incandescent beam was not. A test
of this effect was performed by replacing the projector of the scattering meter with the collimated under-
water incandescent projector used for the experiments described in Section 3 of this report. The aperture
of the projector was stopped down to a diameter of 3/16 inches as a rough match of the size of the laser
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Fig. 2-15. Volume scattering function measurements at Diamond Island.



beam. The beam spread of 3.3 milliradians was used in order to further approximate the geometry of the
laser beam. A linear polarizer was added to the projector and oriented to match the plane of polarization
with that of the laser. The Waldram stop and the light trap were removed, just as in the case of the laser
experiment. A full curve of the volume scattering function was run on a night when the measured attenua-
tion length of the lake water closely matched that of the occasion when the laser data had been taken.
The resulting data matched the position of the laser (diamond) points in Fig. 2-15 from 165 to 40 degrees
so closely that any random differences were within the diamonds. Below 40 degrees the polarized incan-
descent data are shown by solid circles; they form a smooth continuation of the data at larger scattering
angles. The solid curve in Fig. 2-15 represents the polarized incandescent data and the laser data as well
between 40 and 165 degrees; the author believes that it also represents the volume scattering function for
laser light at the smaller scattering angles. If so, laser light and similarly polarized incandescent light
have identical volume scattering functions between scattering angles of 5 and 165 degrees.

Form of the Volume Scattering Function. The log-log plot of the volume scattering function vs. scat-
tering angle in Fig. 2-15 is nearly a straight line from 0.5 to 70 degrees. The slope varies from -2.4 to
-2.9. At some small scattering angle the slope must diminish, perhaps to zero, in order to avoid an im-
possibly large total volume scattering coefficient. There is some earlier evidence from the small-angle
scattering meter in Fig. 2-16 that diminution of the slope is seen at 0.25 degrees. |f significant ‘‘roll-off"’
has begun at that angle, diffraction considerations would make it appear that the lake contains many low-
index scatterers having effective diameters of 100 micrometers or more.

Fig. 2-16. Small angle In Situ scattering meter similar in design to the coaxial
scattering meter diagramed in Fig. 8 on p. 218 of Appendix A.
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2.6 MEASUREMENT OF THE VOLUME ABSORPTION COEFFICIENT

The spreading of laser beams in water® depends upon the ratio of the spectral volume attenuation co-
efficient (a) to the spectral volume absorption coefficient (a), as shown in Section 7. Equipment capable
of making in situ measureménts of absorption in natural waters is rare,*™ although a conventional irrad-
iance meter can be used in the manner described on p. 233 of Appendix A to measure the net inward flow
(dP/dv) of monochromatic radiant power to any element of volume (dv) in the daylit sea. That flow equals
the product of the vkolume absorption coefficient (a) and the scalar irradiance (h), defined later ‘in this
section. T . L '

At Diamond Island, measurements of the absorption coefficient (a) were needed at night. This was ac-
complished with available submerged light sources by means of a technique based upon the divergence
theorem described in the following paragraphs. The same method was later adapted for use in the ocean
simulation laboratory tank (See Section 7), where all of the pertinent optical properties of the water were
measured in situ with laser light.

Other methods for measuring the absorption coefficient in situ involve inescapable, inherent approxi-
mations, often of uncertain magnitude. The divergence theorem, however, is a rigorously exact principle,
so that any experimental approximations are at the option of the experimenter and are sources of error only
if corrections are not applied to the data.

THE DIVERGENCE RELATION
The rigorous, fundamental principle governing absorption of light in water may be written}

Ve H = ah, 2
fhere H is the spectral vector irradiance, having components ﬁx, ﬁy, and ﬁz. Fo_r example,
H, = H,(+) - H (-), where H_(+) is the spectral power per unit of area flowing across the plane x = con-
stant in the direction of increasing x and H_(-) is the corresponding spectral power density on the same
plane in the direction of decreasing x. The symbol h denotes spectral scalar irradiance, and a is the
spectral volume absorption coefficient.

* Also, the resolution of underwater imagery.

** Sorenson, G. and Honey, R. C. ‘‘Instrumentation for Measuring the Visibility Limiting Characteristics of Sea Water”’
S.P.I.E. Underwater Photo-Optical Instrument Applications Seminar Procedings p. 115, February 1968.

T Also defined on p. 399 and p. 400 in Vol. 1, Chapter 8, Section 4 of THE SEA, M. N. Hill, General Editor, Inter-
science Publishers, John Wiley & Sons, N. Y. 1962.

1 Gershun, A. THE LIGHT FIELD, Svetovoe pole, Moscow 1936, see p. 102 of English translation in Journal of
Mathematics and Physics 18, 51 (1939).
Preisendorfer, R. W., ‘“The Divergence of the Light Field in Optical Media’’ SIO Ref. 58-41 (July 1957)
PB 153 900, AD 247 620.
Preisendorfer, R. W., ‘‘Simple Formulas for the Volume Absorption Coefficient in Asymptotic Light Fields’’
SIO Ref. 58-79 (November 1958) PB 153 996, AD 212 742.
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SCALAR IRRADIANCE

Spectral scalar irradiance h(p) is the total monochromatic radiant power arriving at any specified
point p from all directions 6,¢ about the point. It can be calculated from the spectral radiance distribu-
tion N(p,0,6) about p by equation

h(p) = f N(p.6,4) dQ . (2-2)

amT

Scalar irradiance does not concern the directional nature of the light field; only the total power arriv-
ing from all directions is specified. It is related, by the velocity of light in the medium, to the volume
density of spectral radiant energy.

TECHNIQUE OF ABSORPTION MEASUREMENT

Convenience was served at Diamond Island, and in the laboratory tank as well, by using a 1-dimen-
tional flow of light. Since daylight was not available, a spherical (effectively plane) light field was pro-
duced by a distant uniform spherical lamp. This was a special inside-frosted 1000 watt incandescent
diving lamp made for the author by the General Electric Company as a modification of the commercial G.E.
25M-1 lamp. Alternatively, the spherical lamp was a table tennis ball lighted from the rear by a laser
beam. The divergence relation (Eq. 2-1) then becomes

dH(r)

= ahir), (2-3)
—dr

where r is the distance of the photometer from the lamp.

Instrumentation at the underwater tower, as well as in the laboratory tank, was simplified by measuring
only the light moving away from the lamp (i.e., toward the photometer in the tower), thereby neglecting the
return flux. This approximation was an excellent one, partly because the return flux was only 1 or 2 per-
cent of the outgoing flux but also because both H(r) and h(r) are affected nearly equally. Thus, a first-
order correction for this_small experimental approximation is provided automatically by the nature of
Eq. 2-3. Analytically, the single-flow approximation can be represented as follows:

The integral f N(p,0,6)dQ can be subdivided into any desired number of parts. Thus, in the case

4
of the spherically sy%metric light field surrounding a uniform point source in uniform water, where the net
flow of radiant power is radially outward, h(r) = h(r,+) + h(r,~); here

hir+) = /N(r,@,qS) dQ  (outward flux),

nner
hemisphere

and

hir,-) = fN(r,6,¢) dQ (return flux).

uter
hemisphere
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At Diamond Island, and in most clear natural waters, integration of radiance distribution data shows
that outward component of scalar irradiance h(p,+) comprises almost 99 percent of the total; thus,
h(p,+)>>h(p,~). An equivalent statement holds for the corresponding outward and return components of
irradiance. Thus,

H(r ,+) = /N(r,@,qﬁ») cos@ dQ)

nner
hemisphere

H(r,-) = f N(r,0,¢) cosf dQ .

uter
hemisphere

Because the inward flow is only a percent or two of the outward flux, H(p,+)>>H(p,-).

For the 1-dimensional (radiai) flow (Eq. 2-3) can be written
d
— [HirH) - Hir-)] = alhrH-he] .
—dr
The excellent approximation of neglecting the return fluxes then yields the expression

dH(r,+)
= ah(r+) . (2-4)

—dr

Precision. It might seem that the precision with which the derivative dH(r,+)/dr in Eq. 2-4 can be
measured is low. This is, indeed, true if the lamp distance is small. On the other hand, Fig. 16 on p. 222
of Appendix A and Figs. 4-30, 4-36, and 5-10 in this report show that at large lamp distances the irradi-
ance H(r,+) closely approximates a straight semilogarithmic line; that is to say, the long-range portion of
the curve can be fitted by H(r,,+)/H(r,,+) = exp [ K(r, - "1)] or dH(r,+)/dr = =K H(r,+), where K is an at-
tenuation function for scattered light that is identified on p. 222 of Appendix A as being numerically simi-
lar to the attenuation function k for daylight scalar irradiance. Thus, Eq. 2-4 may be written

K H(r,+) = a h(r,+), (2-5)

with the restriction that H(r,+) and h(r,+) must be measured at a sufficient lamp distance to make H(r,+)
linear when plotted semilogarithmically, as in Fig. 16 on p. 222 of Appendix A. That restriction serves,
however, to enable K to be measured to high precision by a convenient technique described in the follow-
ing paragraph, thereby solving the precision problem that is seemingly inherent in Eq. 2-4.
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MEASUREMENT OF K

The spherical diffuse attenuation K for the light field far from a uniform spherical submerged light

source was measured by mounting the 1000-watt inside frosted spherical diving lamp on the underwater
cart, and measuring irradiance at a sufficiently long range to produce straight lines on a semilogarithmic
plot of irradiance versus lamp distance, as in Fig. 16 on p. 222 of Appendix A. At Diamond Island it was
standard procedure to measure irradiance H(r,+) at lamp distances of 90, 110, 130, and 150 feet and to
plot these data as illustrated in Fig. 2-17. The nomographic scale in Fig. 2-17 enabled K to be directly

with high precision.
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Fig. 2-17. Plot used in measurement of spherical diffuse attenuation coefficient K. The point below the line
at lamp distance = 110 feet indicates that fish obscured part of the light being measured.
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Such

errors were avoided by temporarily extinguishing the 1000-watt diving lamp and lighting another

50 feet away. When all fish had gone to the dummy lamp, it was turned off and the 1000-watt 1 amp
was tumned on. A valid irradiance measurement could then be made before the fish returned.
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MEASUREMENT OF THE RATIO H(r,+)/h(r,+)

Equation 2-b may be written

H(r,+)
a=K . (2-6)
h(r,+)

In the laboratory tank (see Section 7) two special irradiance collectors were used to measure H(r,+)
and h(r,+). These are shown in Fig. 2-18. They were mounted on a special cover for the measurement
window. Figure 2-19 shows this cover and one of the collectors in place in the laboratory tank. An equiv-
alent pair of collectors were used at Diamond Island. Each collector is irradiated, in turn, by a uniform
spherical submerged lamp at a distance sufficient to fulfill the restriction on Egqs. 2-5 and 2-6 explained in
the preceding section.

It will be noted in Fig. 2-18 that both collecting surfaces are supported by frustrums of cones which
are painted glossy black. The primary intent of this design is to minimize irradiation of the rear side of
the spherical collector by light reflected from the supporting structure. The shiny black conical surfaces
also serve to direct unwanted flux away from the vicinity of the collector, thereby minimizing any local
effects due to multiple scattering.

Calibration. A different degree of optical coupling exists between each collector and the multiplier
phototube, which is located inside the measurement window. A calibration is, therefore, necessary. This
is easily accomplished by means of the collimated underwater projector. It is brought close to the spheri-
cal collector; the projection lens nearly touches the ball. The uniform collimated beam of incandescent
light or laser light produced by the projector, 50 mm in diameter, is more than large enough to cover either
collector. If each element of collecting surface has cosine properties, both collectors will collect an
equal amount of flux from the collimated beam, because their diameters are equal. The ratio of the photo-
electric readings using the two collectors is the ratio of their respective optical couplings to the phototube.

Fig. 2-18. Two special irradiance collectors used during measurement of the
volume absorption coefficient (a).
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Fig. 2-19. Special irradiance collector mounted in a cover for
the measurement window.

Let Pl‘_l and P}: be photoelectric readings (in the same relative unit) when the two collectors are irrad-
iated by projector producing collimated irradiance H'. Then,

Hl

P, = Cy H' and P = C,

where C, and C, are coefficients of coupling for the plane and spherical collectors respectively. Hence,

(2-7)

=2 |22

Similarly, let P, and P, be the respective photoelectric readings when the two collectors are irrad-
iated by the distant spherical lamp producing irradiances H(r.+) and h(r,+). Then P, = C, H(r.+) and
B, = C, h(r,+), whence
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H h
= - (2-8)
hir4) P, Gy
Combining (2-7) and (2-8),
H(r,+) Py P
= (2'9)
hir4) P P
Combining Egs. (2-6) and (2-9),
Py P
a=K— —. (2-10)
Ph PH

Thus, the measurement of a is accomplished without measuring radiometric quantities in absolute units
and without the loss of precision ordinarily associated with a derivative.

COLLECTOR REQUIREMENTS

The method described above for in situ measurement of the volume absorption coefficient requires that
every element of area on the surface of the spherical collector have cosine collection properties. This
difficult requirement arises because each point on the spherical surface receives radiant flux from a unit
solid angle centered on the direction (8,6) of an amount N(r,6,¢) Jcos i dA = 7u? N(r,0,¢), where u is

the radius of the sphere and i is the angle of incidence on the surface of the collector. The surface must
respond properly to this flux in order to yield a valid answer. That is to say, each element of area must
collect flux in a manner that is strictly proportional to cos i. This is not easy to achieve, particularly at

large angles of incidence, i.e., near grazing incidence.

The total flux received by the sphere from all directions is nuf[“n N(r.0,¢) dQ=7u? hir,+), and that
intercepted by the plane irradiance collector is wu? H{r,+)*. Since only the ratio of the outputs of the two
collectors is used, and since both of the photoelectric readings represent flux collected by the entire col-
lector, the finite size™™ of the collectors does not affect the data.

* The surface of the plane irradiance collector should also have cosine response, but the requirements are less
severe because nearly all of the flux from the distant spherical lamp strikes the plane surface at small angles

of incidence.

** Spherical irradiance (h,,;) is not involved here.
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Preparation of the Collector. Great care was exercised in preparing and using the spherical collecting
surface. Many kinds of table tennis balls were examined. None were found to be ideal for measuring ab-
sorption because of three major faults: (1) The surfaces showed residual gloss, particularly near grazing
incidence. Many balls even exhibited a faint trace of an internal virtual image. Surface treatments, de-
scribed below, improved the matteness of the best balls sufficiently to make them marginally useable.
(2) Excess specular transmission rendered some balls unfit for use as spherical collectors. The ball must
be cut in two in order to observe or measure the specular transmittance of its wall. (3) All balls have an
overlapped, cemented, great circle seam. Seamless table tennis balls, formerly available, seem no longer
to be on the market. The seam introduces a serious error in absorption measurements if the ball is mounted
with the plane of the great circle seam perpendicular to the direction of the distant spherical lamp. This
is intuitively obvious when it is recognized that the difference between the collection properties of the
wraps around’’ the sphere.

e

spherical and plane collectors stems from the way the field of scattered light

Any table tennis ball selected for use in absorption measurements must be carefully cleaned with mild
soap and water and/or detergents to remove finger grease. Various organic solvents may be used for the
same purpose. Thereafter, the ball is handled only with gloves. The matte character of the surface can be
improved by roughening it with pumice or some othér mild abrasive.

Cement is used to attach the ball to its mount. Buoyancy force requires a strong bond. Difficulty with
the strength of cement can, as a last resort, be solved by drilling tiny holes near the top and bottom of the
ball, respectively, so that it floods. This expediency may produce cleaning problems and is suitable only
when the absorption length of the water is very long compared with the diameter of the ball.

Other Types of Collectors. No known flat or spherical surface is perfectly matte. Departures from
cosine collection properties at or near grazing incidence appear to be inevitable. The effect of such de-
partures on the measurement of absorption coefficient are uncertain. Thus, the divergence relation method
for measuring absorption coefficient, while potentially free from approximations, is affected by this exper-
imental difficulty. The problem of cosine collection seems to have been well solved in the case of plane
collectors by the exposed-edge design described by Smith.* It may be that a sizeable, hollow, metal inte-
grating sphere thickly and uniformly studded with many tiny exposed-edge plane collectors would represent
a perfect spherical collector to within any necessary limits of radiometric precision and accuracy. The
author has not yet had an opportunity to test this type of collector.

2.7 MEASUREMENT OF APPARENT RADIANCE DISTRIBUTION

Power density (irradiance) on submerged surfaces is often insufficient information about their lighting.
The direction from which the light arrives is important, particularly to the appearance of non-matte sur-
faces. The directional distribution of any given underwater lighting (see, for example, Fig. 2-1) was mea-
sured by producing that lighting on the measurement window of the laboratory tank (or the underwater
tower) and measuring the resulting underwater radiance distribution with the Mark 1V telephotometer (see
Fig. 2-3) in the scanning mount shown in Fig. 2-20.

* Smith, R. C. ‘“‘An Underwater Spectral Irradiance Collector’’ Journal of Marine Research 27, 3(1969).
Also see: Austin, R. W. and Loudermilk, R. W. ‘‘An Oceanographic Illuminometer’’ SIO Ref. 68-11, July 1968.
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Fig. 2-20.

2-28

Visibility Liaboratory Mark IV Photoelectric Telephotometer in scanning mount at the measuring window
of the laboratory tank. (1) One of several interchangeable multiplier phototubes, (2) Wheel containing
glass neutral density filters (0.5 log steps), (3) Eyepiece mirror control lever, (4) Eyepiece with reticule
for angular measurements, (5) Focus control with locking ring, (6) Vertical tilt adjustment, (6) Adjust-
able scan limit stop, (8) Fine horizontal adjustment, (9) Coarse horizontal adjustment, (10) Lead screw
providing horizontal translation of optical axis, (11) Scale and pointer indicating horizontal angles,
(12) Vertical adjustment of optical axis, (13) Electrical attachment for remote control of scan and syn-
chronized recorder, (14) Synchronous scan motor with magnetic clutch, (15) Adjustable scan limit stop,
(16) Arc of circular track centered on the optical window, (17) Mount for polarizer, (18) Stray light
shield, (19) 4-inch diameter optical glass insert in plastic window of the tank, (20) Interchangeable
field stops, 35 to 0.03 mr.



3. UNDERWATER LIGHTING FOR PHOTOGRAPHY

3.1 INTRODUCTION*

The optical nature of ocean water imposes restrictions of two kinds on underwater photography. First,
fine details tend to become progressively obliterated as the distance to the object is increased. Secondly,
and usually of greater importance, the apparent contrast of underwater objects is severely attenuated by
scattering processes within the water and often by absorption as well. The magnitudes of these effects
will be discussed in this paper in terms of observable and measurable optical constants of water. Al-
though a brief review of the optical nature of ocean water is included, considerable reliance has been
placed on the reader to consult the referenced previous writings of the author and others. Interestingly,
the principles which control underwater imagery are closely similar to those which govern imagery through
the atmosphere with certain very important exceptions which arise either from the greatly enhanced role of
absorption in water or from the unique optical properties of the scattering particles it contains. These dif-
ferences between the atmospheric and the hydrologic media will be brought out in the course of the dis-
cussions which follow.

3.2 REFRACTIVE DETERIORATION OF IMAGERY

Natural waters contain refractive nonhomogeneities of two kinds: One, small-scale point-to-point vari-
iations 1n the refractive index due to temperature differences, and two, transparent biological organisms
(plankton) which may range in size from microns to centimeters, from bacteria to jellyfish. The first of
these nonhomogeneities are also found in the atmosphere where they are often referred to as atmospheric
boil. Their effect in limiting the resolution of astronomical and terrestrial telescopes and long focal length
cameras is well-known. Ordinarily, the thermal structures in water are of little consequence because their
effect is ordinarily small compared with that of the transparent biological organisms. These have no true
optical counterpart in the atmosphere because their refractive index matches that of water very closely,
whereas water droplets in the atmosphere have a relative refractive index of 1.33 or more. The size of the
organic particles in water is so large compared with the wavelength of light that scattering is produced
chiefly by regular transmission through the large particle. The consequent deviations are very small. Even

* Sections 3.1, 3.2, 3.3, and 3.4 have been lifted almost verbatim from the author’s paper entitled ‘‘Principles of
Underwater Lighting’’ which appears on p. A-I-1 through A-I-7 in the Proceedings of the Seminar on Underwater
Photo-Optics of the Society of Photographic Instrumentation Engineers held in Santa Barbara, California on 10 Oc-
tober 1966.
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after passage through several such scatterers, imagery is not greatly disturbed except with respect to fine
details. Nevertheless, these refractive effects cause the edges of objects to appear blurred and the ap-
parent contrast of small objects to be reduced. Thus at the longer photographic ranges resolution is im-
paired and fine details are obliterated. An experimental study of this loss of resolution was performed
several years ago at the author’s Field Station at Diamond Island, Lake Winnipesaukee, New Hampshire,

and a theoretical treatment was evolved, and is described in Appendix B of this report. It was found that
the angular magnitude of the blur increases as the square ruot of the object-to-observer distance and that

the apparent contrast of fine details is decreased inversely as the third power of the distance if the water
is macroscopically uniform throughout the path of sight.

Figure 3-1 shows the result of one experiment performed at Diamond Island. A grey circular disk 1/8th-
inch in diameter was photographed underwater along a horizontal path of sight in daylight. Under the pre-

vailing lighting the apparent contrast of the grey material at a distance of five feet would have been unity
with respect to the surrounding water if a somewhat larger piece of the material had been used. Due to the

small size, however, refractive deterioration of the image caused contrast to be slightly reduced even at 5
feet and much more severely reduced as the object-to-camera distance was increased. In Fig. 3-1 rectan-
gles have been drawn to illustrate the angular width and apparent contrast which would have been ob-
served by a perfect camera in the absence of any refractive effects within the water. The curves represent
experimental data obtained from the photographs after corrections had been applied for small losses in
resolution attributable to the optical system and the photographic material. It will be noted that even in
the center of the image contrast has been reduced. Outside the geometrical edge of the image, moreover,
scattered light appears. Plainly, the edges of the object appear blurred and the apparent contrast has
been reduced.

5 FEET

CIRCULAR DISK

Fig. 3-1. ~ 7

Apparent contrast and angular size of a
1/8-inch diameter gray disk photographed
through 5, 10, and 15 feet of lake water.

— 10 FEET .

15 FEET

APPARENT gONTRAST
)

36 72
ok (] [ [ —
MINUTES OF ARC

The three rectangles in Fig. 3-1 represent the angular size and apparent contrast which would have
been available to the camera in the absence of refractive deterioration. The variation in angular size is,
of course, a simple matter of object-to-camera distance. The reduction in contrast with distance is the re-
sult of scattering of daylight into the path of sight in accordance with principles described on pages
229 through 233 in Appendix A. Refractive deterioration has produced an additional contrast reduction
factor which is displayed graphically by the difference in height between the rectangle and the curve. Ob-
viously, this factor increases with object-to-camera distance. The three data in Fig. 3-1 are indicated by
three points on Fig. 3-2, which is a plot of apparent contrast versus object distance. The resulting curve
has been extrapolated to longer object distances by means of the principle that refractive deterioration of
the image causes the apparent contrast of fine details to decrease inversely as the third power of the dis-
tance. Thus, in this log-log plot the extrapolation is based upon a straight line with a slope of - 3.



It is evident from Fig. 3-1 that refractive deterioration produced no appreciable effect when the 1/8th-
inch circular disk was closer than 5 feet from the camera. At this distance the object subtended 7.2 min-
utes of arc at the camera. The inverse cube nature of the phenomena is not displayed until the angular
subtense is less than that associated with the third plotted point, i.e., beyond an object distance of 15
feet. There the object subtended 2.4 minutes. Obviously, curves for larger or smaller objects would form
a regular family on Fig. 3-2, lying respectively right and left of the curve shown. Similarly, the position
of the curve in Fig. 3-2 depends upon the concentration of scattering material in the water. Lesser or
greater concentrations would produce a family of curves lying respectively right and left from the
curve shown.

A means for assessing the practical consequences of refractive deterioration is illustrated by Fig. 3-3.
This is identical with Fig. 3-2 except for an additional system of curves. The dashed line, marked e™@F,
is a plot of the factor by which contrast is reduced with object distance due to the scattering of daylight
along the horizontal path of sight. (See Appendix A, p. 231.) The lower solid line depicts the product of
the two contrast reduction factors ascribable, respectively, to refractive deterioration and scattering of
ambient light. If the grey disk were large, refractive deterioration would produce no contrast reduction
near the center of the disk and, despite the slightly blurred edge, would have no effect on its visual de-
tectability. In this case the large disk would be visually detectable at about 20 feet in the water to which
Fig. 3-3 applies. In the case of the 1/8th-inch diameter circular disk, however, small angular size makes
more apparent contrast necessary for visual detection. The short dotted line in Fig. 3-3 indicates the con-
trast required for the 1/8th-inch disk to be detected. In the absence of refractive deterioration the object
is detectable at a distance of 14 feet as indicated by the intersection of the two dotted lines. Because of
refractive deterioration, however, detection is possible at only 11 feet as indicated by the intersection of
the dotted threshold curve and the lower solid line. Although this example refers to visual detection, it
remains only to substitute the threshold curve for any photographic system in order to make a correspond-
ing prediction of the range performance of that system.
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Fig. 3-2. Plot of data from Fig. 3-1. Fig. 3-3. Plot of data from Fig. 3-1.



Finally, it must be pointed out that the effect of refractive deterioration on underwater imagery does
not depend upon the nature of the underwater lighting. That is to say, the curve in Fig. 3-2 will be the

same whether the object is illuminated artificially or by daylight so long as its inherent contrast is the
same.

3.3 THE OPTICAL NATURE OF NATURAL WATERS

At the bottom of Figs. 3-2 and 3-3 is an additional scale of object distance in units of attenuation
length, a measurable index of water clarity. (See Appendix A, p. 216.) The inclusion of a scale of object
distance in units of attenuation length implies that the data in Fig. 3-2 are applicable to other natural

waters having greater attenuation lengths provided the diameter of the circular disk is increased
proportionally.

Appendix A summarizes the optical nature of ocean water with the principles of underwater lighting
specifically in mind. A discussion of the performance of collimated underwater light sources is given in
Fig. 18 on page 224 of Appendix A for the case of irradiance on the axis of a uniform beam of green in-
candescent light having a divergence of approximately 3 milliradians (or 1/6th degree). This divergence
was chosen in the belief that pulsed blue-green lasers for underwater use, when available, would produce
beams having approximately this divergence. This has proved to be approximately true.

3.4 APPARENT CONTRAST OF ILLUMINATED UNDERWATER OBJECTS

The design of underwater illuminating systems can be studied on the basis of the concepts and data
contained in this chapter and in Appendix A. No distinction need be made between light produced by the
blue-green lasers used in the experiments described in this report and that produced by conventional
sources, except due allowance for the very high peak power and short duration characteristics of the la-
ser. No special effects due to coherence have been detected by extensive search. In fact, the radiation
produced by the RCA underwater laser (see Sections 5 and 6) has not been found to exhibit appreciable
coherent properties. It is best regarded as the equivalent of an incoherent or a thermal source producing
light throughout a wavelength interval 25 angstroms wide centered at 0.53 microns. The light produced by
the laser is linearly polarized with its E-vector perpendicular to the main axis of its beam cross-section.
This state of polarization is preserved in transmission through natural waters to a truly amazing extent.
For example, observations (See Section 5, Fig. 5-7) of the fractional polarization transmitted to various
object distances from a linearly polarized, broad-beam incandescent source show that at four attenuation
lengths, where 90% of the arriving light has experienced one or more scatterings, 90% of the light is still
polarized. At an observation distance of 20 attenuation lengths, when less than one part in a million of
the light arrives without having experienced a scattering, 82% of the light is still linearly polarized. Thus
it is important to remember that the reflectance and scattering properties of objects associated with po-
larized irradiation must be used when the underwater blue-green laser is the irradiating source.

It is also important to note that the nature of the volume-scattering function depends upon the state of
polarization of the light impinging on the elementary volume of water. It appears that the volume-
scattering function for light from the underwater blue-green laser is identical with the volume-scattering
function for blue-green light from an incandescent projector when equipped with a linear polarizer. (See
Section 2.5)



Calculations of the apparent contrast of underwater objects irradiated by any kind of lighting are
based upon the same set of equations for contrast reduction. That is to say, the basic triad of equations
published by the author and his colleagues for use in problems relating to vision through the atmosphere*
apply equally well to the underwater case, and for every kind of lighting, natural or artificial, uniform or
non-uniform, and in every kind of water, uniform or stratified, and along every path of sight. For example,
consider the simple case depicted by Fig. 3-4. Here an underwater light source is located close beside a
camera so that both may be regarded- as being at the same distance R from an object near the axis of the
irradiating beam. Some of the path of sight is within water lighted directly by the lamp, but a length A of
path near the lens is outside the beam, as shown in Fig. 3-4. Each element of volume of length dr lo-
cated at r along the path of sight is irradiated by the source. Its apparent radiance as seen from the
camera is

dN = gJe™ @ | 27 @r + ¢ Krle ™K + ¢ Krle 2KT | dr,
1 2

according to Eq. (5) on page 222 of Appendix A. Here, ¢ is the volume-scattering function for the water in
the direction specified by the geometry of Fig. 3-4.

~N dr
CAMERA l:lqu. _\,\__ r— £
-

\\
le- R \»]
~

Fig. 3-4. Illustrating geometry of underwater lighting for photography.

The constants ¢, = 2.6/47 and ¢, = 17.56/4w. The apparent radiance of an entire illuminated path ex-

tending to infinity is:

oo oo g
P -1g=(@+K — -
N% = ol g/ 2e zardr+cle e ¢ ’dr+czK/ le (a+2K)drz,
. A
A A

*
A, 00
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where E, [2,A1, E, [(a+K)A], and E, [(a+2K)A] are exponential integrals for which tables are available.

* Seibert Q. Duntley, Jacqueline I. Gordon, John H. Taylor, Carroll T. White, Almerian R. Boileau, John E. Tyler,
Roswell W. Austin, and James L. Harris, Applied Optics 3, Egs. (6.3), (6.4), (6.5), 579 (1964).

** Abramowitz, M. and Stegun, I. A. Handbook of Mathematical Functions Nat. Bu. Stds. Appl. Math. Series 55
(1964) p. 238 ff.
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Similarly,

N. = cJR'E"(R).

R,00
CR q NO,R ~ NRco
C o x
o No,w NAIM
By substitution:
Ckx A E"R)

Presumably similar, easy-to-use contrast reduction equations involving exponential integrals can be writ-
ten for any geometry of underwater lighting and viewing. In some cases, inherent contrast is a simple
function of the ratio of directional surface reflectances, but in the example chosen for illustrative pur-
poses in this paper, the object appears against a water background. Thus,

where p is the directional reflectance of the object.

The foregoing concepts, data, and equations contained in or referenced by this section provide a
means for optimizing underwater lighting and for predicting the performance of systems in terms of the ob-
servable optical properties of natural waters.

3.5 MEASUREMENTS OF APPARENT CONTRAST

The apparent contrast of a plane test surface lighted in a manner similar to that specified by Fig. 3-5
was measured at the Diamond Island field station in 1964; (see Table 3.1). The experiments employed the
underwater steel tower and track shown in Fig. 4-15. The test surface was a square steel plate 1.5 feet



on each edge. It was coated with a matte gray paint having a submerged reflectance of 0.38 when mea-
sured in green light determined by a Wratten 61 filter. The plate was carried by the steel cart that travel-
ed the underwater track, as shown in Fig. 4-10. The painted surface was vertical and faced the underwater
tower; its center was at the same depth as the center of the measurement window in the under water tower.
Thus, the photoelectric telephotometer (see Fig. 2-3 and Fig. 2-20) within the tower looked out through
the center of the measurement window along the axis of the underwater track to the center of the square
test panel mounted on the moveable cart.

The test surface was irradiated by the same submerged light source that was used in the experiments
upon which the first equation in the preceding section is based. That equation, given on page 223 of Ap-
pendix A, is based upon experiments described in detail by Appendix H. The light source is described on
pages 3 and 4 of Appendix H; it is diagramed in Fig. 2 of that appendix.

The submerged lamp produced a circular cone of divergent incandescent white light with a nominal
beam spread (see Fig. 2 in Appendix H) of 20-degrees. It was carried by a modified version of the cart
shown in Fig. 4-6. All of the control mechanisms which protrude above the main frame of the cart in Fig.
4-6 were removed. A long ladder-like structure was attached to the top of the cart in a horizontal position
and at right angles to the direction of the underwater track. The top of this ‘‘cross-track’’ was about 1 foot
deeper than the center of the measurement window of the steel tower where the assembly was placed on
the underwater track. The 20° light source was attached to the cross-track and could be placed at any
“‘off-set’’ from the axis of the underwater track. Thus, the type of lighting geometry illustrated by Fig. 3-8
could be achieved. The mounting of the 20° underwater lamp included a large divided circle and the exit
aperture of the lamp (a 6'' diameter hole in the metal lamp box) was placed directly above the center of
the divided circle. Thus, the axis of the 20° cone of light could be aimed in any horizontal direction. A
setting of zero degrees on the divided circle made the axis of the cone of light parallel to the underwater
track. Thus the value indicated on the divided circle was the angle ¢ in Fig. 3-5.

The positions of the lamp and the test surface could be freely varied along the underwater track. As
shown in Fig. 3-5, the lamp was offset a horizontal distance X from a point on the axis established by
the telephotometer and the center of the test surface at distances Y from the test surface and Z from the
window of the tower.

The field of view of the telephotometer was 0.25 degrees so that it was well within the boundaries of
the test surface at all distances used in the course of the experiments.

When desired, the test surface could be removed from the experiment by rolling its cart to the remote
end of the underwater track, 150 feet from the window of the underwater tower. Its presence was unde-
tectable even very much closer. Telephotometer readings with the test surface removed to Y + Z = 150 feet
(36 attenuation lengths) were used as the apparent background radiance for computing the apparent con-
trast of the test surface; they are tabulated in Table 3.2.

Apparent contrast of the gray test surface (reflectance 0.38) for a variety of geometries (X,Y,Z) were
calculated from pairs of radiance measurements with the test surface in place and removed, respectively;
these are tabulated in Table 3.1. The 20° cone of light was not always centered on the test surface, but in
each case the position of the axis of the cone is specified by the angle 6. Apparent contrast is affected
by the aiming of the light beam. Generally, it is greatest when the beam is aimed to irradiate the test
surface with its right edge, thereby minimizing the lighted water path through which the telephotometer
must look, i.e., the “‘common volume’’ shared by the illuminating and viewing systems.
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3.6 POLARIZED UNDERWATER LIGHTING

Crossed polarizers profoundly increase the apparent contrast of the test surface, sometimes by an
order of magnitude. This is accomplished, however, by a considerable reduction in light, because the ef-
fective transmittance of two polarizers in practical cases, is approximately 0.10 even if the test surface
is a complete depolarizer. This is illustrated quantitatively in Table 3.1. For example, calculations based
upon the first entries (X=1',Y=6',Z=3") in Tables 3.1 and 3.2 show that insertion of the crossed po-
larizers lowered the radiance of the matte test surface by a factor of 11.5 (chiefly due to the transmit-
tance of the two polarizers) whereas the apparent radiance of the background was reduced by a factor of
93. Thus, the ratio of the apparent radiance of the test surface to the apparent radiance of its background
was increased by a factor of 8. It is important to note that the test surface must depolarize in order to
produce a gain in apparent contrast when polarizers are used.



The use of single polarizers on either the light source or the telephotometer (camera) produced no
significant gain in apparent contrast.

Polarizers oriented to produce linear light with its E-vector vertical

gave somewhat better results than with the E-vector horizontal in some geometries. No circumstance fa-

voring a horizontal E-vector was found. Trials with circular polarizers failed to demonstrate any superiority
It is a great practical advantage of

from the standpoint of contrast enhancement over linear polarizers.
circular polarizers that no “‘crossed’’ relation must be maintained.

Table 3.1. Apparent Contrast of Gray Test Surface. (Submerged Reflectance = 0.38) (Green Light)
Z=3 Z=06 Z=9
7] No Crossed No Crossed No Crossed
Degrees | Polarizers | Polarizers | Polarizers | Polarizers | Polarizers | Polarizers
Y =6 4 21.9 185. 18.5 140. 11.0" 124.%
X=1 9.6 2.99 22.4 2.99 30.0 2.23 24.2
19.5 4.75 6.95 3.89 4.90 2.7 3.95
Y=9 4 9.19" (63) 8.15 49.0 5.32 32.0
X=1.5 9.5 2.31 (11) 167 10.56 1.40 7.91
19.56 2.08 3.36 2.55 3.36 1.63 2.72
Y=12' 4 3.90" (22.) 3.46 20.8
X=2 9.5 0.82 ( 4.8) 0.86 4.74
19.5 1.70 ( 3.0) 1.40 2.80
Y =6 16.6 24.0 ((170))
X=2 26.5 5.87 (( 37))
36.5 3.46 3.46
Y=9 16.5 22.4 ((150))
X=45" 26.5 4.50 (( 38))
36.5 3.25 4.26
Note: 1. Asterisk (*) indicates that @ = O for this datum.
2. Values in parentheses are extrapolations; values in double parentheses
are less to be trusted.
3. Green light selected by Wratten No. 61 filter.

3-9




Table 3.2. Apparent Radiance of Background (Test Surface Removed; Relative Units; Green Light)
Z2=3 Z=6' zZ=9
0 No Crossed No Crossed No Crossed
Degrees | polarizers Polarizers Polarizers Polarizers Polarizers Polarizers
Y=6' 4 |2.29x107% | 2.46 x 1075 | 1.74 x 1073 | 2.00 x 1075 | 8.42 x 107* | 1.12 x 10~
Xx=1 9.5 331 x1073 | 3.31x1075(2.63x1073|2.63x1075[2.09x1073 | 1.561 x 1075
19.5 468 x 1073 | 447 x107° [ 3.47x1073 | 3.65 x 1075 | 2.29 x 1073 | 2.24 x 1075
Y-9 4 [447x1075" | <1075" [9.55x 1074 | 1.23x 1075 | 1.66 x 107% | 9.77 x 1076
X=15' 9.5 1.18 x 1074 <1075 1.41x1073 [ 1.79 x 1075 | 8.71 x 1074 1.29 x 107°
19.5 1.82 x 1074 214 x1073 | 234 x 1075 [ 1.45 x 1073 1.70 x 107°
y=12 4 275x 10757 <1075” <107s
X=2 9.5 7.59x 1075 <1075 1.10 x 1075
19.5 1.356 x 1074 <1075 1.66 x 1073
Y=6' 16.5 2.88 x 1075 <1073
X=2 26.5 477 x 1075 <1075
36.5 5.01 x 1075 <1075
Y=9' 16.5 1.91 x 1073
X=2 26.5 3.47 x 1075 <1075
36.5 4,90 x 1075
Note: 1. Asterisk (*) indicates that 6 = 0 for this datum.

2. Although radiance is tabulated to 3 places, the precision of the measuring system
was not better than *2 percent. The data may also contain systematic non-
linearities of this magnitude.

3. Green light selected by Wratten No. 61 filter.

3.7 MAXIMUM RANGE OF UNDERWATER IMAGERY

One of the most surprising facts about underwater lighting is that at long range much more light

reaches a distant object than is usually predicted.

Consider an experiment diagramed in Fig. 3-6; a uni-

form spherical lamp is lowered at night directly beneath a downward-facing long-lens underwater camera

in clear water having an attenuation length of 5 meters.

3-10

The lamp is photographed at 3, 6, 9, and 12 at-




tenuation lengths below the camera. Each of the resulting pictures show an image of the bulb surrounded

by a glow of forward-scattered light. Because of attenuation, the exposure required for the picture at the
bottom is 1000000 times that for the picture at the top. The diameter of the scattered glow remains rough-

ly independent of lamp distance, whereas the diameter of the image of the lamp decreases linearly with

distance. It is not surprising, therefore, that as lamp distance is increased the irradiance received in the
plane of the camera lens direct from the lamp diminishes more rapidly than does the component of irradi-
ance due to the scattered glow. Figure 3-6 shows that both the image forming light and the scattered light
pass through the lens but are separated in the film plane. Measurements in the film plane can, therefore,
yield separate values of the two components of irradiance. If, however, the camera were to be replaced
by a flat photocell facing the lamp, total irradiance would be measured. The solid curve in Fig. 3-7 is a
plot of the total irradiance at the lens. The upper, dotted curve represents the image forming component
alone. At long range the scattered component is greatly larger. For example, when the lamp is 40 meters,
below the camera, i.e., at a distance of 8 attenuation lengths, there is 170 times as much irradiance as
would be expected on the basis of the simple a calculation, but at this distance only one part of the
light in 170 is capable of image formation. It is not surprising, therefore, that at some distance the image
of the lamp falls below the contrast threshold of any viewing system. The lamp will then be seen to dis-
appear into its own glow. In the case of direct underwater vision this occurs at about 15 attenuation
lengths in all clear ocean waters. The use of much more powerful lamps produces only a slight increase
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Fig. 3-6. Photographs of a uniform spherical Fig. 3-7. Irradiance at the lens of the camera
lamp submerged vertically beneath in Fig. 3-6. Dotted curve shows
an underwater camera. the image-forming component of the

receiving light.

in visual range. Advanced electro-optical sensing systems having high quantum efficiency and ideally
low internal noise can achieve only slightly more range. Since even a self-luminous object (like a lamp)
becomes indistinguishable in its own glow of scattered light, there is a fundamental limiting range impos-
ed by forward scattering properties of natural waters beyond which no object can be seen, even with vir-
tually unlimited light power and the most advanced underwater viewing or photographic systems. Actually,
the performance of existing systems fall well short of this limit. Thus, important improvements in existing
techniques are possible.
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3.8 LONG RANGE UNDERWATER PHOTOGRAPHY

It is interesting to explore various techniques of underwater lighting to see if the limiting range
can be approached using ordinary photography.

The pictures in the remainder of this section were taken
in the laboratory tank described in Section 7.

Figure 3-8 is intended to suggest an underwater camera
and a nearby underwater lamp used to illuminate some object at a distance one attenuation length

from the camera. It is easy to make good underwater photographs at this distance, as in Fig. 3-9, which

serves to introduce the cast of characters. These are not swimmers but moored dummies. The upper swim-

mer is attired in trunks and flippers, whereas the lower swimmer is in a black wet-suit with a mask and

light trunks. At a distance of one attenuation length this lighting technique produces acceptable photo-
graphic quality.

Fig. 3-8. Schematic plan view of underwater
camera and nearby lamp irradiating
a subject one attenuation length
from the lens.

Fig. 3-9. Moored dummy swimmers photo-
graphed as shown in Fig. 3-8.

At longer underwater ranges the quality of underwater photographs made with cameras having attached
lights are seriously degraded by scattered light within the volume of water which is common to both the
illuminating and viewing systems; i.e., that part of the path of sight which is lighted by the lamp. Suc-
cessful long range underwater photography requires elimination of scattering within the common volume.
Three techniques are commonly used to suppress common volume scattering. Two of these aids are illus-
trated by Fig. 3-10, in which the diagram on the left represents the unaided condition with the object at 2
attenuation lengths from a camera having an attached or nearby light. In the center diagram, a light shield
or septum has been added to shield most of the path of sight from direct light from the lamp. In the dia-
gram on the right the lamp has been off-set to the side by a considerable distance. The entire path of
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sight is still directly illuminated, but no part of the path is close to the lamp. Both inverse square law
and attenuation by absorption and scattering operate to avoid the intense lighting of the water close to
the camera lens; it is this brightly lighted water which contributes most to contrast loss in the unaided
lighting arrangement shown in the left diagram. Offset of the lamp may be to the rear of the camera as
well as to the side; this may have advantage when very large fields of view are to be photographed, but
added lamp output is needed to compensate for the longer lamp to object distance.

s

Fig. 3-10. Illustrating two methods for improving underwater photography by reducing the lighting
on the water close to the lens.

A third aid in reducing common volume scattering is provided by crossed polarizers. Both the lamp
and the camera must have polarizers and the object must depolarize in the process of reflection in order
to be photographed. Absorption of light by the polarizers requires an increase in exposure time, lens
speed, film speed, or lamp output by a factor of about ten.

The matrix of photographs in Figs. 3-11 and 3-12 illustrates the effects of the various modes of light-
ing discussed above on short, medium, and long range underwater photography. Photography at 2 attenua-
tion lengths is shown by the three pictures on the top row. The figure on the left shows the lighting
geometry for the first and second pictures; the geometry of the third picture is shown by the center dia-
gram in Fig. 3-10. Consider first the unaided photograph on the left. It will be noted that the lamp irradi-
ates the water path between the camera and the swimmer. Scattered light throughout this water path is
added to the image forming light from the swimmer and serves to lower the available contrast. An obvious
mechanism for suppressing the effect of scattering in the water is through the use of crossed polarizers.
The second picture shows what can be achieved by means of placing a linear polarizer on the light source
and a crossed linear polarizer on the camera. The background is darkened and the apparent contrast of the
light portions of the swimmers is improved but it will be noted that the dark suit and dark trunks are bare-
ly discernible. Thus, actually more information concerning both swimmers but particularly the lower swim-
mer can be obtained from the lower contrast picture on the left. Another, perhaps better, way of improving
the imagery is by means of an opaque partition or septum to darken the water between the camera and the
swimmers. This is illustrated in the third picture. Here the images appear higher in contrast than in the
unaided picture but the details of the dark suit are still visible.

Photography at 3 attenuation lengths is shown in the middle row of images of Fig. 3-11. The long path
of lighted water between the camera and the swimmers has drastically reduced the contrast in the case of
the unaided lighting depicted on the left. The second picture from the left illustrates the effect of polari-
izers. An opaque partition or septum was used in making the third photograph, and the final picture on the
right represents the use of both the septum and the polarizers. At this range there is an obvious need for
some aided photographic technique. The third picture, made with a septum is best at this range.
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At 4 attenuation lengths the situation is as shown in the bottom row of pictures in Fig. 3-11. Com-
bined use of both polarizer and septum produced an excellent picture of the top swimmer, but lack of de-
polarization by the dark suit of the lower swimmer seriously impared this imagery compared with the
photograph in the septum column.

At 5 attenuation lengths no image was recorded by conventional lighting, but something was achieved
by a lateral separation of the lamp from the camera by several attenuation lengths. Such an off-set is not
always practicable but if it can be done in the manner shown in the diagram in the top row in Fig.3-12,
imagery sufficient to detect the presence of the swimmers can be achieved, as shown in the first (unaided)
picture. The reason for this improvement is obvious: The lighting on the object is not much reduced by
offsetting the position of the lamp relative to the camera, but the lighting on the water immediately in front
of the lens is reduced greatly. This reduction in the veiling glare of lighted water enables the swimmers

BOTH CROSSED
CROSSED POLARIZERS
LIGHTING UNAIDED POLARIZERS SEPTUM & SEPTUM

Fig. 3-11. Underwater photographs of moored dummies at 2, 3, and 4 attenuation lengths.
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to be seen faintly. The aid given by crossed polarization or by the use of a septum was less dramatic
with off-set lighting. Nevertheless, the pictures obtained with these techniques at 5 attenuation lengths
are comparable in quality with those secured at 4 attenuation lengths without off-set.

At 6 attenuation lengths useable results were not obtained unless the lamp was moved out close to
the swimmer and a septum was used to minimize the lighting of the common volume. In the picture on the
right in the middle row polarizers have been added to further reduce the scattered light and to darken the
background; the photographic quality is comparable with the best result obtained at 3 attenuation lengths.

The final picture in Fig, 3-12 was taken at a distance of 12 attenuation lengths. The lamp was near
the moored dummy swimmers and a carefully adjusted septum darkened the common volume as much as
possible. Crossed linear polarizers were used on both the lamp and the camera. Even so, there was a

BOTH CROSSED
CROSSED POLARIZERS
LIGHTING UNAIDED POLARIZERS SEPTUM & SEPTUM

12

Fig. 3-12. Underwater photographs of moored dummies at 5, 6, and 12 attenuation lengths.

3-15



noticeable loss of contrast because the object is slightly veiled by the forward scattering of its own re-
flected light. Contrast enhancement in processing can overcome the minor loss of contrast, however, and
good quality pictures can be obtained. An enlargement of the picture made at 12 attenuation lengths is
shown in Fig. 3-13. It is to be remembered that this distance corresponds to 120 meters (394 feet) in
average clear ocean water (1/a = 10 meters) or to 240 meters (787 feet) in exceptionally clear ocean
water (1/a = 20 meters). The principal purpose of Fig. 3-12 is to illustrate that long range underwater
photography is possible if the lights are close to the object and if adequate exposure can be provided.

There is, however, a limit to the photographic range which becomes apparent at slightly greater dis-
tances. Even with unlimited exposure, self-luminous objects in otherwise unlighted water disappear in
their own forward scattered light beyond approximately 15 attenuation lengths. Contrast enhancement ex-
tends this limit only slightly.

Fig. 3-13. Enlargement of the lower right photograph in Fig. 3-12, showing dummy swimmers moored
12 attenuation lengths from the camera.

3.9 EXPOSURE REQUIREMENTS

The range of underwater photography in terms of attenuation lengths is ordinarily limited by the avail-
able photographic exposure. One purpose of the equations given earlier in Section 3 is to enable exposure
requirements to be calculated. The photographs in Figs. 3-11 and 3-12 were made at model scale in a
laboratory tank with a Nikon camera containing Kodak Plus-X film and equipped with an F/2 lens. The
lamp was a G.E. Type DVY. At distances of 1 or 2 attenuation lengths the exposure times were small frac-
tions of a second, but at 5 or 6 attenuation lengths several minutes of exposure time was required. A time

exposure for several hours was needed in order to obtain the picture at 12 attenuation lengths. Although
long exposure times are feasible in the case of dummies moored in a tank, they are not available in the

ocean with live objects and a mobile camera.

It must be remembered that very long range underwater photography requires not only large exposure
but also that the object be self-luminous or lighted in an equivalent manner by having light only immedi-
ately adjacent to it. The latter option might seem to be impossible in most instances, yet this is exactly
what is hoped for by those who are building systems using pulsed lasers for underwater imagery. Many of
these lasers produce pulse durations of only a few nanoseconds. A laser pulse of 4 nanoseconds duration
produces a train of light only about one meter long. When this light arrives at the object all of the water
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closer to the camera is dark and the situation should be quite similar to having a lamp within a meter of
the scene. Thus it would appear that the greatest hope, for truly long range underwater imagery is by
means of pulsed lasers and gated electro-optical cameras.

3.10 SILHOUETTE PHOTOGRAPHY

Long range underwater imagery of silhouettes is easy if sufficient exposure is achievable. The maxi-
mum range at which opaque objects appearing as silhouettes against a distant extended source of light
can be recorded in otherwise unlighted water is approximately 15 attenuation lengths. Beyond this dis-
tance the image becomes indistinguishable because of forward scattered light from outside the edges of
the object. A silhouette photograph of a dummy moored at a distance of 12 attenuation lengths in the lab-
oratory tank is shown in Fig. 3-14, The exposure time was several hours.

Fig. 3-14. Silhouette photograph of a dummy swimmer moored 12 attenuation lengths from the camera.
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4. EXPERIMENTS WITH COLLIMATED LAMPS

4.1 SIMULATION OF UNDERWATER LASERS

Planning for experiments leading to an understanding of the properties of laser light in the oceans
began early in 1961 when no blue-green laser suitable for submerged use existed or was expected to exist
soon. Actually, the first such laser became available in 1964 but its eventual existence was only a mat-
ter of speculation in 1960. It was natural to ask: ‘‘Can an underwater laser be validly simulated by a
projector producing a tiny, highly collimated beam from an ordinary source of light?”" Answers to this
question varied. No one was sure. Most were dubious.

The ruby lasers existing in 1960 produced millisecond pulses of coherent monochromatic red light in
the form of well-collimated beams only a few millimeters in diameter. Already there was talk of Q-switch-
ing and other techniques that might enable pulse lengths to be shortened to microseconds or even nano-
seconds with instantaneous power of a megawatt or greater.

There were perplexing doubts about possible nonlinear interactions between laser light and water. It
was questioned whether the propagation of non-coherent light in water would be identical with that of co-
herent light. Some believed that studies of the behavior of steady light from a submerged incandescent
projector would have no relevance to the behavior in water of light pulses as short as a few nanoseconds
because such pulses would produce optical reverberations in the ocean. What if the optical relaxation
time of water exceeds a few nanoseconds? It was suggested that the shape of the light pulse would be
stretched or distorted in the process of transmission through the sea water, and that various forms of non-
linear absorption effects would take place. Energy might be lost, it was said, by the production of sound
waves. There were reported observations of micro-bubble production when laser beams were focused in
water: Would these destroy the beam by scattering? In short, there were in 1961 many unanswered scien-
tific quandries which caused doubts to be expressed concerning whether any attempt should be made to
experiment with steady burning conventional sources, even though optical systems could be constructed
to produce beams of light similar in geometry to those expected from future lasers. It was said repeatedly
that no incandescent projector should be called a “‘laser simulator’’ and, in fact, that term was dropped
from usage by the Laboratory in deference to these objections. Experiments proceeded, however, with an
incandescent projector used exactly as if a laser was being simulated.
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In the clear light of hindsight, exploration of the properties of highly collimated small beams of in-
candescent light in water was most wise. It is now known that none of the effects enumerated in the pre-
ceding paragraph have any significant existence with respect to the performance of 1964 -66 underwater
lasers, whether steady burning or producing twenty-nanosecond, megawatt pulses. We have no evidence
that the propagation of coherent light differs significantly from that of non-coherent light. No nonlinear
effects, ringing, or pulse stretching due to propagation were observed. In fact, all irradiance and radiance
data are identical from incandescent sources, doubled neodymium pulsed lasers, and continuous argon-ion
lasers.

The fact that pulse stretching” and nonlinear effects in water are not observed at the sub-megawatt
power levels used in the work described by this report does not mean that these effects are not to be ex-
pected with much shorter pulses from high powered, mode-locked lasers. Clearly, there is a regime of
such propagation phenomena that is associated with high powered pulses having durations comparable
with the lifetimes of atomic or molecular states and transitions, but these complex phenomena do not, for-
tunately, seem to concern those using 20 nanosecond pulses.

The measured propagation characteristics of light from the steady incandescent projector were found
to agree precisely with the propagation characteristics of light from a laser producing 20 nanosecond
pulses provided that all geometrical properties of the respective light beams are identical; see Section 6.2
The same result was obtained with a steady burning argon-ion laser producing light having coherence length
of several centimeters. The above statements are made on the basis of high quality experimental data and
they support theoretical constructs that have evolved during the decade that has been occupied by the re-
search, but in 1961 when the experiments were begun with the highly collimated incandescent projector
there was no guarantee that the conclusions reached would have any relevance to the performance of lasers
in the ocean. It is pleasing that the incandescent data given later in this section are applicable to per-
formance of lasers, but even if this had not proved to be true the work in 1961 and 1962 would not have
been wasted, because the experimental techniques and apparatus that were devised and built in those years
made possible the laser experiments which came later. It is doubtful whether such successful techniques
and equipment would have been developed using pulsed lasers alone, for laser observation is difficult and
hazardous. The measurement techniques using cameras on fast oscilloscopes are vastly more cumbersome
and somewhat less precise than those used to study light beams from incandescent lamps. Even the
steady burning argon-ion laser is a difficult and dangerous light source compared with the incandescent
projector.

THE COLLIMATED INCANDESCENT UNDERWATER PROJECTOR

In 1961 it was believed that submerged lasers might be expected to produce beams of light in water
having a divergence of 1 to 3 milliradians and a diameter at the source of, typically, 1/2 inch (12.7 mm).
Allowance should be made, it was said, for beam diameters as great as 50 mm. An incandescent projector
was designed to meet these requirements. Fig. 4-1 is a photograph of it. A schematic diagram of the pro-
jector appears as Fig. 4 on p. 216 of Appendix A and the essential optical details are given in the caption
of that figure. The diameter of the beam of light it produced could be reduced by an external stop to any
desired value. The incandescent source was a zirconium concentrated-arc lamp manufactured by the Syl-
vania Company. The lamp housing was designed to accommodate four sizes of these lamps in prefocused

* A form of pulse stretch due to path length differences was found in the scattered light far from the laser beam;
see Section 6.6.
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Fig. 4-1. Collimated incandescent underwater projector. See Fig. 4 on page 216 of Appendix A. Wooden
case houses four sizes of concentrated-arc lamps in prefocused subassemblies.

subassemblies. Thus, the 2, 10, 25, and 100 watt models of the concentrated-arc could be used at will in
order to vary the beam spread. The area of the arc crater in these lamps is roughly proportional to their
power rating. The light beams they produced had divergences of 0.18, 0.80, 1.5, and 3.0 milliradians, re-
spectively, at the full 50 mm beam diameter. These divergences were increased by diffraction when the
beam diameter was reduced by the use of an external stop. For example, with a circular stop 1.27 mm
(1/20 inch) in diameter the four beam divergences were 0.70, 1.3, 2.0, and 3.5 milliradians respectively.

Collimation. Adjustment of the collimation of the projector was accomplished by means of the de-
vice shown in Fig. 4-2. The small central tank was filled with water after the end of the underwater pro-
jector was pressed against an O-ring seal in the tank. The light emerging from the high quality plane
window on the opposite side of the water tank was allowed to enter the telephotometer shown in Fig. 2-3.
This instrument fitted the V-block supports which can be seen on the right in Fig. 4-2. The telephotometer
served simply as a telescope. It was focused at infinity by sighting on some distant object, such as a

Fig. 4-2. Fixture for collimating the incandescent underwater projector. Telephotometer (See Fig. 2-3)
fits in V-blocks on the right.
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tree on some far-away hilltop, before being placed in the V-blocks. Both a neutral density filter and a
Wratten No. 61 green filter were added to the eyepiece of the telephotometer so that the operator could
look comfortably at the image of the arc crater formed by the 'system. He then adjusted the position of the
zirconium arc to produce the sharpest image of the crater. This collimated the lamp. Once the adjust-
ments on the subassembly were locked, the assembly could be removed and reinserted freely without re-
quiring re-collimation. Thus, the four lamps in their respective subassemblies could be easily interchanged.

Mounting Requirements. Previous experience, gained at Diamond Island during the summer of 1960
with an underwater projector producing a beam having a spread of 43.5 milliradians (2.5 degrees), showed
that the mounting for a highly collimated underwater lamp must be very stable and must have precise point-
ing controls. Attempts in 1960 to use the 43.5 mr lamp from a floating support demonstrated that such
supports are useless. It was clear that both the projector and the measuring equipment must be supported
rigidly from the bottom of the lake if successful measurements at high collimation were to be made.

4.2 THE FIRST UNDERWATER TOWER AND TRACK

A successful mounting system for experiments employing the highly collimated projector was con-
structed and used during the 1961 experimental season. It made use of a vertical cylinder of concrete 12
feet long with an inside diameter of 4.5 feet. It was placed on a rough platform of rocks arranged on the
bottom of the lake. Portland cement concrete was poured into the cylinder from above until the lower 3.5
feet of the cylinder was filled. Since the cylinder was open at the bottom, the concrete also flowed down
through the supporting rocks. Thus, the bottom of the cylinder was sealed by a massive concrete plug
which anchored it to the rock foundation. Prior to putting the big cylinder in place, a window was cut in
its side and fitted with a circular observation port 15 inches in diameter. The center of this port was 2.5
feet below the lowest level of water which occurred throughout the series of measurements.

The cylinder was tall enough to extend above the water surface. Its top was 2 or more feet above the
level of the lake, depending upon seasonal differences in lake level. Pumps were used to remove the
water from within the cylinder so that it could be occupied by the experimenter with his apparatus. A tem-
porary wooden shelter was constructed on top of the concrete cylinder to provide laboratory space for re-
corders and electronic equipment. The installation was made in water about 12 feet deep at a location
that was protected from the strong west and northwest storm winds and waves in the lake. It was near one
corner of a large boathouse. A wooden footbridge was constructed between the boathouse and the top of

the concrete cylinder to provide easy access. Figure 4-3 shows a photograph of the completed facility.




Access to the interior of the underwater tower was by means of a ladder, as shown in Fig. 4-4. A
rigid table was provided to support the various photometers and cameras at the observation port. The cir-
cular underwater window, shown in Fig. 4-5, was made of Plexiglas 1-1/4 inches thick. Because this
material showed birefringent patterns in polarized light (e.g., when used between crossed polarizers) a
central insert of high quality, strain-free, optical glass 4 inches in diameter and 3/4 inches thick was pro-
vided. It is seen in Fig. 4-5, surrounded by a brass mounting ring. All telephotometry, photography, and
measurements of radiance and irradiance were made through this glass insert. For irradiance measure-
ments, a circular piece of translucent diffusing plastic was mounted on the brass ring in the water outside
the window in such a way that it could be pivoted to positions either in front of the window or downward
out of the way, as in Fig. 4-5. When the diffusing disk was in front of the window, the readings of the
photoelectric telephotometer were proportional to the irradiance incident on the outer surface of the
diffuser.” A thin, blackened metal cover having a small central hole could be attached to the outer sur-
face of the diffusing disk in order to limit and define the area of the disk used for the irradiance
measurements.

Interior of the underwater
window. Underwater cart
is faintly visible beyond
the window.

Fig. 4-4. Interior of the first underwater tower.

MOUNTING THE UNDERWATER PROJECTOR

It was essential that the underwater projector should be mounted in such a way that its distance from
the measuring window could be varied. This was achieved by building a horizontal underwater trestle
(“'track’’) along the bottom of the lake. It was attached at one end to the outside of the concrete cylinder
2 feet below the center of the measuring port or 4.5 feet beneath the water surface and 7 or 8 feet above
the lake bottom. It extended away from the underwater viewing port for a distance of 50 feet in a direction
roughly parallel to the shoreline of the island which, at that place, ran in an approximately east-west di-

rection. The cylindrical underwater observation “‘'room’’, referred to as an underwater “‘tower’’, was situ-
ated at the west end of the track. The highly collimated underwater projector was carried along the track

* See p. 4-15 and 4-18 for refinements of this technique, and discussion of the requirements to be met in order to
obtain valid irradiance data.



by a four-wheeled cart fabricated of square-sectioned brass tubing, shown in Fig. 4-6. The cart could be
pushed along the trestle and clamped in position at any distance from the tower.

Within the cart was a mounting for the ‘'narrow beam lamp’’, as the projector came to be called. The
projector could be rotated in a horizontal plane about a vertical axis passing through the second nodal
point of its iens. The control for this rotation was brought to the water surface by means of the vertical
column shown in Fig. 4-6. A sector plate at the surface enabled the lamp to be rotated through approxi-
mately 60° on either side of the axis of the track. Notches in the plate and a clamp mechanism, appearing
to have somewhat the shape of a clothespin, Fig. 4-6, enabled the direction of the light beam to be set at
known angles. A tangent-screw mechanism for fine horizontal adinstments was also provided in order that,
at the center notch, the lamp could be adjusted until the light beam passed precisely through the center of
the observation port; the tangent screw is obscured by the sector plate in Fig. 4-6.

The light beam also needed to be aimed precisely in a vertical plane. In order to accomplish this the
lamp was pivoted about a horizontal axis located several inches from the lens (see Fig. 4-6). Small verti-
cal displacements of the lens then provided vertical aiming of the light beam. The control was a knurled
wheel which may be seen clearly in Fig. 4-6 at the top of the control column. This was attached to a
threaded vertical shaft which extended downward through the center of the hollow control column to a tiny
white ball which engaged a phosphor-bronze clip on the projector just above the lens. Rotation of the
knurled control wheel thus moved the lens vertically through a sufficient range to enable the light beam to
be positioned accurately in the center of the observing window.

At the extreme left of the sector plate (see Fig. 4-7) is a vertical rod which passed downward to the
center of the front horizontal structural member of the cart. By pulling up on this rod the operator could
release clamps just behind each of the two front rollers; the cart then rolled easily along the underwater
track. Releasing the rod caused the clamps to lock the cart at any selected lamp distance. The distance
of the lens of the underwater projector from the measuring aperture at the window of the underwater tower
could be ascertained either by measuring with a steel tape above the water line from the tower to the top
of the control column or by reading (underwater) the position of the cart by means of a steel tape fastened
to the center of the track, as shown in the underwater photograph, Fig. 4-8.

Spherical Lamp. The cart also carried a 1000-watt spherical lamp for use in water clarity measure-
ments by means of the techniques described in Sections 2.5 and 2.6. In Fig. 4-9 the spherical lamp is
shown in position in front of the projector; Figs. 4-6 and 4-7 show it stowed in a protective housing at the
right of the cart. The control handle was intended to protrude through the water surface.

POSITIONING THE PROJECTOR

Unprotected swimmers had suffered greatly from cold during the night experiments in 1959 and 1960.
It was desired, therefore, to minimize or eliminate the need to use a swimmer for moving the narrow beam
projector along the track and to aim it.”

The above-water system of controls for the narrow beam projector was devised to eliminate the need
for anyone to enter the water. A pair of assistants in a rowboat could move the cart along the track, clamp
it at any ‘selected lamp distance, and adjust the light beam to the center of the measurement window by
means of voice commands shouted by the experimenter inside the underwater tower or relayed for him by

* Self contained underwater breathing apparatus (SCUBA) was unknown at Diamond Island in 1961 and wet suits
for thermal protection were receiving their first trials.



Fig. 4-6. Underwater cart and collimated Fig. 4-7. Underwater cart and collimated
projector in off-axis position. projector in on-axis position.

Fig. 4-8. Underwater track as seen through Fig. 4-9. Underwater cart with 1000-watt
measurement window and under- spherical lamp.
water cart.



‘'someone at the top of the tower. Thereafter, upon command, the assistants could rotate the light beam to
any of the horizontal angles identified by the notches in the sector plate. On calm, quiet nights the row-
boat technique worked fairly well. Unfortunately there were very few calm, quiet nights. Some good data
were produced (with the help of swimmers), but the entire installation proved to have many shortcomings.
These were corrected in 1962 when the second underwater tower and track were constructed.

THE 1961 DATA

The results of the experiments at Diamond Island in 1961 were published-in the paper entitled *'Light
in the Sea,”” which is reproduced as Appendix A of this report. The 1961 results are on pages 218 to 225
and particularly in Figs. 9, 10, 12, 15, 17, 18, 20, 21, and 22.

4.3 THE SECOND UNDERWATER TOWER AND TRACK

The use of the first underwater tower, track, and cart during the summer of 1961 revealed many ser-
ious shortcomings. Drastic improvements were needed before the research potential of the highly colli-
mated incandescent source could be realized or before meaningful explorations could be made of the prop-
erties of underwater lasers. The shortcomings of the 1961 equipment had a profound influence upon the
design of the highly successful second generation installation that was made in the summer of 1962 and
used subsequently for all of the underwater laser experiments at Diamond Island. The changes and the im-
proved equipments are described in the following paragraphs.

DEPTH OF THE EXPERIMENT

The first underwater tower was designed to place the track and cart close enough to the water surface
for the lamp controls to protrude into the air where they could be operated by an assistant in a small row-
boat. The optical path for the light beam was chosen to be only two feet beneath the water surface and
the controls were built accordingly. During the construction of the concrete tower, however, the measur-
ing port was placed such that the depth of the light beam was about 2.5 feet. Thus, none of the control
handles protruded above the water surface. This made the operation much more difficult than was planned.
Finding the control handles in the dark without running into them with the rowboat was difficult at best
and impossible in the presence of the small waves which were nearly always present. Use of the rowboat
was soon abandoned; swimmers operated the lamp controls.

The existence of the control handles just below the water surface was detrimental because motion of
the water due to waves produced forces on these parts that moved the projector and the light beam errat-
ically. During a dishearteningly large part of the time the projector vibrated too much to enable data to be
taken. Vibration became more serious, of course, when the collimated lamp was near the outer end of the
50-foot track. Even on nights when work could be done, there were often periods of an hour or more when
a sudden breeze would force the work to stop. Such stoppages during the early morning hours were partic-
ularly discouraging and it was difficult to maintain the morale of tired men while waiting for the wind to
die down. It became obvious that the shallow technique was impractical, especially for the future longer
range underwater laser experiments. |t was obvious that the facility must be reconstructed so that the ex-
periment could be performed at a greater depth. The discussions were of an ‘"all weather’’ capability.

Study of various interacting requirements resulted in a decision that the new installation would place
the beam from the collimated lamp or the laser 6 feet beneath the surface and 3 feet above the underwater
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track. This was a compromise between the desire to place the entire experiment so deep that it would
never be affected by water waves and the need to restrict depth in the interest of swimmer performance. It
was obvious that future experiments would require the continuous services of scuba divers, who would be
required to make many ascents and descents between the surface, the underwater projector, the under-
water track, and frequently, the lake bottom. Physiological difficulties due to frequent vertical transits
would increase rapidly as depth was made greater.

The decision to place the optical axis of the experiment at a depth of only 6 feet was the result of
considerable study. One of the factors considered was the optical effect of the water surface. Attenua-
tion length in Lake Winnipesaukee in 1961 was about 5 ft/In. Although dark-painted rafts or floating cur-
tains were to be used in order to eliminate the mirror-like air-water surface, it was nevertheless desired to
have all solid reflecting objects located as far as possible from the light beam. The choice of 6 feet for
the depth of the beam insured that the overhead rafts or curtains would be more than one attenuation length
away from the beam. In 1966, when the most important laser data were taken, the water clarity was such
that the curtains were about 1.6 attenuation lengths above the beam. The bottom of the lake was much
farther from the light beam even at the shallowest point (near the tower). The lake bottom is covered by a
thin layer of organic detritus which provides a diffuse reflectance of about 1.3 percent. This matches the
reflection function of the water for diffused light almost perfectly. That fact is one of the major advan-
tages of the Diamond Island location for the conduct of optical experiments underwater. Any light field
is virtually unperturbed by bottom influence, a matter of the greatest importance in the studies of under-
water daylight which were conducted during the first era at Diamond Island.

CONTROL OF BEAM ALIGNMENT

In 1961 the accurate pointing of the underwater light beam was extremely difficult and time consum-
ing, particularly at the longer cart distances. Much of the difficulty resulted from the use of voice com-
munication between the experimenter in the underwater room and the swimmer who attempted to follow his
instructions. On most occasions the noise of wind and waves made it necessary for directions to move
the beam up or down, toward the island or away from it, to be reiayed by someone at the top of the tower.
Every alignment of the light beam was a long, frustrating experience. Obviously, the experimenter, who
could see the light beam entering his window, needed remote controls operated by his own hand. Such a
system of lamp control was built in 1962.

Remote Pointing Control. The incandescent projector, and later the underwater laser, were mounted
on top of a watertight steel box which contained the control mechanism. Wheels attached to this box made
it a cart to travel along the underwater track, as shown in Fig. 4-10. Clamps located between the wheels
on each side of the cart enabled it to be clamped rigidly to the flanges of the track. A heavy vertical
steel column extending through the top piate of the box supported the narrow beam lamp. The vertical axis
of the column passed through the lens of the projector. Thus, turning the column rotated the projector
about its projection lens.

The projector was supported by a trunion mounting attached to a horizontal arm carried by the steel
column. This provided a vertical adjustment for the light beam. Control was achieved by means of a small
rod which occupied a vertical axial hole in the heavy steel column. This rod terminated in a small white
ball which engaged a spring clip just beneath the projection lens. The control mechanism within the cart
imparted a vertical motion to the rod, thus turning the projector about a horizontal axis through the trunion
support and causing the light beam to be inclined slightly upward or downward.
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Fig. 4-10, Collimated underwater projector on second underwater cart.

Provision was made for the remote insertion and removal of an aperture stop for the projector. The
mechanism can be seen in Fig. 4-10. It is a cylindrical case mounted on top of the projector above the
projection lens. This case contains a rotary solenoid with its axle protruding forward toward the tower.
This axle carries an arm, visible in the photograph, bearing an interchangeable aperture stop. A switch
at the lower center of the control panel enabled the experimenter to insert or remove the stop at will. This
‘'was an important capability without which beam alignment at long lamp distances would have been impos-
sible, for at long range the reduced beam passed by the stop is usually impossible to see until after it is
precisely aligned with the eye of the observer.

The mechanism for accomplishing these motions was mounted to the top plate of the watertight com-
partment of the cart. It is shown in Fig. 4-11. The horizontal rotation enabled the beam to be swept from
5° on the island side of the axis of the underwater track to 58° on the opposite side of the axis, i.e., away
from the island. A selsyn system sensed this rotation and indicated the direction of the light beam on a
large dial on the experimenter’s control panel, shown in Fig. 4-12.

Rate controls were provided on the control panel for both the vertical and horizontal drives. The up-
per switch, marked CW, OFF, CCW, controlled the azimuthal movement of the light beam and the lower
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switch controlled the vertical motion. The middle switch controlled an auxiliary motor which operated the
azimuth drive through a differential to provide a super-slow azimuth control for very fine pointing accuracy.
This was essential at very large lamp distances. In the new configuration, 250 feet of track was available.

anreer arer

Fig. 4-11. Internal mechanism of second Fig. 4-12. Control panel for remote control mechanism in the

underwater cart. underwater cart.

The wiring diagram of the cart control system is shown by Fig. 4-13 and the rear of the control panel

is pictured in Fig. 4-14,
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Fig. 4-14. Rear view of the control panel in Fig. 4-12.

MOVEMENT OF THE CART

It was the initial plan to provide the experimenter within the tower with means for moving the cart
along the track by remote control. This was achieved. A long wire cable ran from an electrically driven
drum at the top of the steel tower along the top of the "‘ties’’ of the track to the cart and thence to a pul-
ley at the far end of the track. The cable returned to the tower along pulleys underneath the track and was
attached to the drum. Thus, the cart could be pulled to or from the tower depending upon the direction of
rotation of the electric motor which turned the drum. Spring operated clamps held the cart rigidly to the
track unless they were released by activating electromagnets when the cart was to be moved. This system
worked well so far as cart movement was concerned, but adequate provision had not been provided for the
automatic handling of the many heavy electrical cables which were attached to the cart. Fouling of the
cables and even damage to them occurred almost every time the cart was moved. Scuba divers were need-
ed, therefore, to handle the electrical cables. Remote operation of the powerful cart drive created a hazard
to the swimmers, whose hands could have been caught and crushed while endeavoring to manipulate the
electrical cables. This risk was needless since the swimmers could move the cart and handle the cables
simultaneously. They could also change stops, clean glass surfaces,” and assist in beam alignment at
long lamp distances.”™ For all of these reasons the power drive for the cart was dismantled early in the
1962 series of experiments and was never used again. Scuba divers recruited locally were used through-
out all of the remaining underwater experiments at Diamond Island.

APPLICABILITY OF DIAMOND ISLAND IRRADIANCE DATA TO OCEAN WATER

Although research at Diamond Island had, from the outset, been undertaken for the discovery of prin-
ciples rather than for obtaining final data to be used in designing systems for use in oceans, it was natural

* It was necessary to clean all glass surfaces in contact with lake water at three-hour intervals or oftener to insure
that no errors in light measurement were caused by the accumulation of organic material on those surfaces.

** At very long lamp distances (beyond 15 attenuation lengths) the light beam from the projector, even at full 50 mm
aperture, was not visible unless it entered the eye of the experimenter. A swimmer at midrange could see the beam
easily and position himself in it. A battery operated electric light bulb fastened to the back of the swimmer’s head
by attachment to the strap of his face mask could be seen by the experimenter, who operated the remote controls for
pointing the projector until the swimmer was directly in front of the observation window. The swimmer next extin-
guished his lamp and moved aside. The beam from the projector was then visible to the experimenter, who could
center it on the measuring aperture. Precise alignment of the projector at distances up to 25 attenuation lengths
was achieved by this technique.
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to speculate on the possibility that the lake data could be translated quantitatively to the ocean environ-
ment. The studies of forward scattering, including very small angle scattering, made with the first tower
and track in 1961 (see pages 218, 219, and 220 of Appendix A) led to the belief that translation was pos-
sible with respect to irradiance on axis if certain geometrical scaling requirements were met. The require-
ments are described in the following section. This possibility was deemed to be so important that it had
a major influence on the design of the second generation equipment and on the conduct of the experiments
with the collimated incandescent projector in 1962 and with the submerged lasers in 1964 and 1965. Un-
fortunately, the first neodymium-doubled underwater green lasers produced beams that were so irregular in
shape, in power distribution, and in reproducibility from pulse to pulse that little or no true significance
attached to measurements of ““irradiance-on-axis.’" Evolution of community interest, moreover, soon moved
away from irradiance on-axis and toward total laser power delivered to surfaces larger than the geometrical
size of the light beam. Thus, the spreading of laser beams by passage through water and the distribution
of irradiance off-axis were the center of importance. The laser beam spread experiments in 1966 made
clear the crucial role of absorption in determining the spreading of collimated beams of light in water.
This discovery eliminated any hope of applying off-axis irradiance data from the lake to ocean water. (See
Section 7.) Even on-axis irradiance by a circularly symmetric beam must be affected somewhat by beam
spread, so that geometrical scaling is a necessary but not a fully sufficient requirement for translation be-
tween highly dissimilar types of water. Although section 7 of this report describes a much better approach
to securing laser data applicable to the oceans, the principle of scaling is fully described in the following
section of this report because of its influence on the design of the second generation equipment and the
manner of its use.

THE PRINCIPLE OF SCALING

The conclusion. (see Figs. 9, 10, 11, and 12 on pages 219 and 220 of Appendix A) that the volume
scattering functions of Lake Winnipesaukee and of most ocean waters are remarkably similar at scattering
angles less than 60 degrees led to the concept that measurements of irradiance on the axis of the colli-
mated light beams in Lake Winnipesaukee could be applied to ocean water if all distances are expressed
in attenuation lengths and if the light beams are geometrically similar in the lake and in the ocean; that
is to say, if all of the scattering angles involved are the same in both cases. So far as the non-scattered
photons which form the residue of the light beam at any distance are concerned this geometrical require-
ment is met if the ratio of the diameter of the collimated beam used in the lake to the diameter of the col-
limated beam used in the ocean is the same as the ratio of the attenuation length in the lake to the atten-
uation length in the ocean. The attenuation length of the lake in the green region of the spectrum center-
ing at 530 nm, where all of the measurements were made, was about 5 feet in 1961. The attenuation length
of the clearest ocean water at this wavelength is the order of 50 feet. The principle of scaling requires,
therefore, that the light beam emitted by the underwater projector or the underwater laser at Diamond |s-
land must have one/tenth of the diameter of the beam emitted by an underwater laser used in clearest
ocean water.

In 1961 and 1962 there were no green lasers for underwater use although work to devise such equip-
ment was in progress. The author was advised to assume that the beam of light produced by an underwater
green laser for use in the oceans would be 1/2 inch in diameter. The requirement for scaling at Diamond
Island meant that the collimated projector must emit a beam of light 1/20 of an inch in diameter in order
to simulate the performance of the assumed laser in the clearest ocean water. If the oceanic average at-
tenuation length at 530 nm is 25 feet, it follows that the diameter of the beam of light emitted by the
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narrow beam source at Diamond Island should be 1/10 inch in order to simulate the performance of the as-
sumed 1/2 inch diameter underwater laser in oceanic average water.

The above thought pattern dictated the design of the experiments in 1962 and the laser experiments
which followed in 1964. In both instances the prime emphasis was in irradiance on-axis. A more general
exploration of the light field produced by underwater lasers was, of course, also part of the program and,
indeed, many off-axis measurements were made both in 1961, 1962, and throughout the underwater laser
programs in 1964, 1965. They were the primary interest in 1966. Even in 1961, the mounting for the under-
water narrow beam |lamp was provided with a notched sector plate to allow the beam to be diverted through
known angles from the axis of the underwater track. Nevertheless, the primary goal of the experiments for
1962 and 1964 were the measurements of irradiance on axis at all achievable ranges with light beams stop-
ped down to diameters of 1/20 inch and 1/10 inch, respectively. This drastically reduced the power level
of the experiment, particularly with the narrow beam incandescent projector. It meant also that the irrad-
iance collector used must be smaller in diameter than 1/20 inch for the measurements to be made at small
lamp distances where the beam diameter did not appreciably exceed 1/20 inch. At longer lamp distances
spreading of the beam due to divergence and due to scattering processes in the water enabled larger irrad-
iance collectors to be used but did not relax the requirement for extremely accurate pointing controls and
highly stable mounting for both the underwater light source and the receiving aperture.

DESIGN OF THE SECOND UNDERWATER TOWER

The engineering design of the second generation tower, track, and pointing control equipment was set
by the philosophy and requirements detailed in the preceding section. The severe loss of experimental
time experienced in 1961 due to water waves and boat wakes dictated that the second generation installa-
tion should have "“all-weather’” capability. This was achieved (1) by conducting the experiment at greater
depth, (2) by providing the experimenter with remote pointing controls for the light source, and (3) by pro-
viding underwater voice communication between the experimenter and the scuba divers who served as as-
sistants in the experiment. The swimmers had air tanks and wet suits that enabled them to stay for hours
if necessary at the depth of the experiment in order to move the cart along the track, change aperture
stops on the light source and at the measuring window of the tower, clean all glass surfaces, and assist
in beam alignment.

Voice Communication. Voice communication was provided by a row of underwater loudspeakers sup-
ported above the track just under the water surface by means of floats. The instructions of the experiment-
er could be heard from any working position. Reverse communication from the swimmer to the experimenter
was needed only infrequently. Experience showed that the swimmer could tap on the rails of the under-
water track with any metal object (such as a screwdriver or the handle of a diver’s knife) and that these
clicks were clearly audible to the experimenter inside the underwater tower. This was true because the
second tower was made of steel rather than concrete.

The Second Tower. A model of the second underwater tower and track is shown in Fig. 4-15. It was
square sectioned (rather than round as in the case of the concrete cylinder used previously) and about 5
feet square. Rings of I-beams inside the walls of the new tower stiffened the structure and provided con-
venient shelves for apparatus and convenient mountings for apparatus, flooring, ladders, etc. The same
18-inch diameter round underwater window was used in the new tower. The plastic window still contained
the same 4-inch insert of strainfree high quality optical glass that had been used in the first tower.
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Modification of the Underwater Window. Just outside the lower right edge of the circular glass in-
sert, as viewed by the experimenter within the tower, the Plexiglas portion of the measuring window was
pierced by an axle provided with O-ring seals. The experimenter could turn this axle from within the tower
and thereby rotate any object attached to the shaft in the water. The outer end of the shaft bore a hub de-
signed to receive a round plastic disk about 9.5 inches in diameter shown in Fig. 4-16. The disk contained
a pattern of six holes 2.5 inches in diameter. The size and mounting of the disk was such that the center
of each of these holes could coincide with the center of the optical glass insert in the measuring window
and, thereby, with the optical axis of the experiment. Notches were milled in the outer edge of the plastic
disk in positions such that a small roller attached to a spring-loaded arm mounted on the outer surface of
the Plexiglas served as an accurate detent to center, successively, each of the six holes in the Plexi-
glas disk accurately in front of the glass window insert.

Fig. 4-15. Small wooden model of the second Fig. 4-16. The irradiance wheel.
underwater tower and track.

The Irradiance Wheel. The Plexiglas disk or “'wheel’’ as it was called (shown in Fig. 4-16) enabled
irradiance on axis to be measured. Flat circular disks of any desired material could be inserted in the six
2-13/16 inch circular holes in the wheel. A considerable variety of different inserts were provided. Ordi-
narily, one insert consisted of a disk of diffusing plastic covered on the side away from the tower (i.e.,
toward the underwater lamp) by a thin blackened metal disk in which a sharp-edged circular hole 1/40 inch
(0.635 mm) in diameter had been drilled. When a light beam 1/20 inch (1.27 mm) in diameter was centered
on this insert, the light passing through it was considered to be proportional to the irradiance on axis of
the light beam.

An exactly similar insert with a 1/20 inch diameter aperture was also in the wheel. This served an
identical purpose when the light beam was 1/10 inch (2.54 mm) in diameter. It was also used when the
lamp distance was such that the 1/20 inch (1.27 mm) light beam had spread to a (geometrical) diameter of

1/10 inch (2.54 mm). Changing the collector diameter from 1/40 inch to 1/20 inch increases the light
available for measurement by a factor of four. Measurements recorded at both diameters enable the data to

be reduced to a common basis; this procedure was called a “‘fold’” in the data.

4:15



Two other positions in the irradiance wheel were occupied by similar irradiance collectors having
larger diameters. Often 1/4 inch (6.35 mm) and 1/2 inch (12.7 mm) apertures were used so that “‘folds”’
could be made at greater lamp distances.

The remaining two positions in the irradiance wheel were nearly always reserved for aids in beam
alignment. One of the positions was left open so that the experimenter had an unobstructed view of the
light beam. The last position contained a transparent plastic disk lightly ground on the side toward the
underwater lamp and provided with horizontal and vertical lines which crossed precisely on the axis of the
experiment; i.e., at the center of the insert.

At very great lamp distances the iight from the projector was difficult to see. The visual effect was
that of a faint star seen against a black background. This star disappeared whenever the pupil of the ex-
perimenter’s eye passed outside the light beam. Thus, he could trace the edge of the beam by systematic
movements of his head. In such cases, the ground plastic reticle was replaced by an opaque stop having
a round open hole slightly larger than the light beam. Head movements then enabled the experimenter to
center the beam accurately in the open hole. This was a time-consuming adjustment.

Limiting Range. The greatest lamp distance at which data were obtained with the collimated pro-
jector or with the submerged laser was not set by sensitivity of the measuring sensor. In both cases
longer ranges could have been used if more experimental time had been available! The time required for
adjusting the light beam to the center of the measuring aperture increased with lamp distance so drasti-
cally that finally only one new lamp distance — one new point on a curve — could be added in an entire
night by the alignment procedures described above. Instrumentation of several kinds could have been de-
vised to make distant alignments much less time consuming, but project budgets were not sufficient. Nei-
ther were hours for experiments at the field station. Thus, data at sufficient range to establish whether
the limiting slope is K or a in Fig. 4-31, although technically possible with the existing equipment,
were not achieved.

All beam alignments were accomplished visually using light from the collimated projector, even in
the case of experiments with the pulsed lasers that are described in section 7 of this report. Beyond 18
attenuation lengths, light from the projector could be seen only under conditions of full dark adaptation.
Even on moonless nights the underwater background of scattered light was much too bright to see the lamp
at such long distances. Attempts to do so had to be restricted to the night when the moon was new or to
three or four nights before or after that event. Even then, truly long range alignments could not have been
made without the ‘‘underwater tent’" shown in Fig. 4-18. This aerial photograph of the field station at
Diamond Island shows the “‘tent’’ attached to the second underwater tower. Buoyant rubberized fabric 12
feet wide and 90 feet long forms the dark section of the ‘‘roof’’ of the tent nearest the tower. The outer,
lighter section is composed of strips of an older floating fabric laced into a 12 foot by 60 foot extension.
The need for repairs to the lacing of this section is evident. At the end of the 150-foot “‘roof’’ is a
wooden raft. This supported the chains to three heavy anchors which keep the free end of the tent in
place. Floating 2 x 6 inch transverse wooden beams are visible at 12-foot intervals along the “‘roof’’; an-
chors attached to the ends of these beams kept the floating structure straight.

The “"tent’’ consisted of more than a fabric roof. Vertical side curtains of the same dark rubberized
fabric hung from the “‘eaves’’ of the roof along the entire 150-foot length. These side curtains extended
from the surface downward 12 feet. Their lower edge was anchored to the bottom of the lake by many lines.
One end of the tent was closed by attachment to the tower, but the far end was open. The underwater tent
was, of course, centered directly over the track on which was carried the collimated projector. With the
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Fig. 4-18. Aerial view of the field of vision at Diamond Island showing the second underwater tower with its
attached floating curtain. This is moored directly above the underwater track where all of the ex-
periments described in Sections 5, 6, and 7 were conducted. Storm damage to the outer section of
the curtain is evident. The boat landing, air track, and Laboratory building (top center) show
clearly. The underwater tower is connected to the boathouse by a footbridge.

tent in place the background against which the projector appeared was, by measurement, 1000 times darker
than without it. With this improvement in darkness, visual alignments were achieved at ranges beyond 19
attenuation lengths on a few very dark nights when the moon- was new.

Other Uses of the Underwater Tent.  The underwater tent served other important purposes besides
enabling long range alignments to be made on very dark nights. It enabled shorter range measurements to
be made under the lower levels of moonlight. It enabled measurements to be started earlier in the twilight
and continued later into the dawn. It reduced ambient background in the case of K measurements (see
Section 2.6), thereby increasing their precision. The tent also eliminated the mirror-like air-water surface
which would have made K measurements invalid.
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TECHNIQUES OF IRRADIANCE MEASUREMENT

The use of the “‘wheel’” for measurements of irradiance on-axis has already been described in the
preceding section. Such measurements would be invalid, however, if steps were not taken to ensure that
only light which passes through the small aperture in the center of the dark metal disk is measured. It is
important therefore that an opaque metal cover be provided for both the wheel and the entire window. At
Diamond Island, such a cover was put in place by divers after each alignment had been completed and the
In the center of that cover was a shallow,
The apex of the conical

appropriate aperture of the wheel had been rotated into place.
concave, metal, conical depression, the center of which was precisely on axis.
depression was truncated to provide an opening about 30 mm in diameter. This was provided with a soft
rubber ring that pressed gently against the metal insert in the wheel. With this cover in place no light
could enter the tower except through the measuring aperture. The cover can be seen in Fig. 6-5.

In later experiments the same ‘‘wheels’’ were used for corresponding experiments performed in the
laboratory tank. Fig. 4-19 shows a picture of the installation. The window and wheel were the same ones
that were used at Diamond Island. The mounting ring that holds these parts is however smaller than the
one used at the underwater tower because of mechanical constraints in the tank. The large, round Plexi-
glas window in this picture is 14 inches in diameter, whereas at Diamond |sland it was 16 inches in di-
ameter. The metal cover used in the laboratory tank is shown in Fig. 4-20. It hangs from the upper edge
of the tank and covers the window completely. It is easily removable by the lifting handle at its top. The
large, shallow cone at the center of the cover has a somewhat smaller hole than did the one used at the
tower at Diamond Island, and the cone is mounted in a mechanism which enables it to be readily moved in

and out until the opening is brought gently into contact with the metal surface of the insert in the “‘wheel’".
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Plexiglas disk (‘‘irradiance wheel’’) con-
taining four inserts for measuring irrad-
iance, an alignment reticle, and a clear
aperture is mounted on the measuring
window inside the Laboratory tank de-
scribed in Section 7.

Metal cover used in the Laboratory tank
to prevent light from passing through the
measurement window except through the
irradiance collector. A shallow concave
metal cone, having a small circular hole
at its apex, made gentle contact with the
irradiance wheel.



Use of the EMI 9524-B Multiplier Phototube. As mentioned previously, an EMI 9524-B end-on multi-
plier phototube was used at Diamond Island beginning in 1962. Its sensitivity is more than 1000 times
greater than the selected RCA 931-A used in 1961. The EMI 9524-B has been used in nearly all experi-
ments since that time. Other phototubes were used only for experiments with the pulsed laser or for in-
candescent irradiance measurements -at very long ranges. The internal mounting for the EMI 9524-B multi-
plier phototube is shown in Fig. 4-21. That assembly is housed in an aluminum tubing that enabled the
tube to be used either in the telephotometer mentioned previously or, in the case of irradiance measure-
ments, in a fixture which attached it to the inner surface of the tower window. This mounting is shown in
Fig. 4-22. The assembly was attached to the inner surface of the tower window by two mounting studs
which were screwed into holes drilled part way through the Plexiglas window. This arrangement provided
an extremely reproducible, yet easily removable, mounting for the multiplier phototube. Both ease of re-
moval and reproducibility of replacement were essential, inasmuch as the unit had to be removed by the

. experimenter each time an alignment adjustment was made. This occurred, of course, each time the cart

was moved to a new position on the underwater track.

Fig. 4-22a Fig. 4-22b Fig. 4-22¢

Fig. 4-22a. Inside (air) surface of the measurement window showing the 4-inch diameter optical glass insert in its
brass mounting ring and two mounting studs for supporting the multiplier phototube, the integrating sphere, or the
ultra-sensitive irradiometer. Fig. 4-22b. Attachment fixture (‘‘spider’’) for end-on multiplier phototube during irrad-
iance measurements hangs from two mounting studs on the inner surface of the measurement window. Protective
cover for optical glass insert is attached to the *‘‘spider’’ with tape. Fig. 4-22c. EMI 9524-B multiplier phototube
in place at the measurement window.
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Irradiance Measurements at Long Range. It was the intent of the 1962 program to measure the on-
axis irradiance of the 1/10-inch diameter incandescent beams out to lamp distances sufficient to show the
limiting slope of the irradiance-on-axis. Ranges well beyond 100 feet, i.e., beyond 20 attenuation lengths,
were required. In fact, 150 feet of track was constructed and the remote pointing controls were designed
to be adequate for the extremely delicate adjustments required to center the beam at even longer ranges.

The Ultra-Sensitive Irradiometer. Before a lamp distance of 100 feet was reached the EMI 9524-B
multiplier phototube had insufficient sensitivity to measure the irradiance produced by the 1/10-inch di-
ameter incandescent beam. In anticipation of the need for more sensitivity, an ultra-sensitive irradiometer
based upon an EMI 9502-S multiplier phototube had been designed and constructed. That tube, in its black
cylindrical housing, is shown on the left in Fig. 4-23. On the right is the mounting which attached it to
the inner surface of the window with the same type of mounting hooks that were used with the EMI 9524-B
multiplier phototube.

The assembled ultra-sensitive irradiometer is shown in Fig. 4-24. The black cylinder containing the
EMI 9502-S multiplier phototube has been inserted in a thermostatically controlled, gas cooled refrigera-
tion unit. Directly in front of the photocathode is a mechanical light chopper driven by an electric motor,
located beneath the multiplier phototube. The light was chopped approximately 90 times per second. The
electrical output was delivered to an amplifier-demodulator which drove a Brown strip chart recorder. The
electronic assembly is shown in Fig. 4-25. The Brown recorder does not appear in this photograph but its
place at the top of the rack is obvious.

A Smith-Florence regulated high voltage supply was used for the multiplier phototube. The voltage it
supplied could be varied continuously by means of three thumbwheels, which can be seen at the top of the
power supply panel in Fig. 4-25. In operation, the voltage on the multiplier phototube was adjusted manu-
ally to produce a fixed reading of the Brown recorder. The voltage indicated by the thumbwheel dials on
the Smith-Florence power supply was then entered on a calibration curve to obtain a number proportional
to irradiance. That curve was prepared at the Visibility Laboratory using incandescent standard lamps and
inverse square law attenuation on a 3-meter photometric bench. A schematic diagram of the ultra-sensitive

photometer is given in Fig. 4-26.

Fig. 4-23

Front view of ultra-sensitive irradiometer for
attachment to the measurement window by
means of the mounting studs shown in Fig.
4-22a. At the left is EMI 9502-S multiplier
phototube in its black cylindrical housing.
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Fig. 4-24

Rear view of ultra-sensitive irradiometer.
EMI 9502-S multiplier phototube in black
cylindrical housing is inserted through
the rear of the thermostated refrigeration
jacket. Motor for driving the chopper disk
is directly beneath the multiplier photo-
tube.

Fig. 4-25

Amplifier-demodulator and variable voltage power
supply for the ultra-sensitive irradiometer. Strip
chart recorder (Brown) has been removed from its
position at the top of the mounting rack.

The temperature required to produce optimum signal to noise ratio with the EMI 9502-S multiplier
phototube could be achieved simply and maintained conveniently with cooling provided by the expansion
of compressed gas. An electronically controlled thermostatic chamber was provided, as shown in Figs.
4-23 and 4-24. A cylinder of compressed dry carbon dioxide gas was used at the Diamond Island field sta-

tion for this purpose.
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Measurements on the photometric bench at the Visibility Laboratory showed that the ultra-sensitive
photometer could measure irradiance levels 3000 times lower than could be measured with the EMI 9524-B
multiplier phototube. This gain in sensitivity was, however, achieved only with a severe penalty in the
length of time required to make a measurement. Whereas the indications of the EMI 9524-B system were
nearly instantaneous, the ultra-sensitive system sometimes required as much as 20 minutes for a single
reading. These readings were, however, remarkably repeatable.

The long range portion of the irradiance on-axis curves given in Section 4.4 were obtained with the
ultra-sensitive photometer. They could not have been obtained with the EMI 9524-B system. As noted pre-
viously, a considerable time was required to make each visual alignment of the beam at the longest
ranges. When this was added to the time required to take data with the ultra-sensitive irradiometer, the
experiments were forced to proceed so slowly that it was possible to add only one or two points to a
curve by working from sunset to sunrise. Because of moonlight, only six or seven nights in any month
were dark enough to permit the necessary visual alignments to be made, even beneath the underwater tent.
Funds were not available to enable many long range data to be secured. Fiscal constraints alone prevented
measurements from being made at still longer ranges than appear in the curves in Section 4.4. No sensi-
tivity limit was approached. In fact, none of the data given in Section 4.4 required that the photocathode
of the EMI 9502-S be cooled. Without cooling, its threshold was more than 200 times lower than that of the
EMI 9524-B system; this was enough additional sensitivity to carry the curves as far as time permitted.

The level of darkness beneath the underwater tent was very low. Even after dark adaptation for near-
ly an hour, the experimenter could not detect the presence of the tower window after the protective outside
cover had been removed. Neither could he see the small light beam from the distant incandescent projec-
tor. Yet, even without cooling, the ultra-sensitive photometer easily measured the irradiance it produced.
When the projector was turned off, the readings of the ultra-sensitive photometer decreased, typically, by
factors of 4 or even 10. Since the sensitivity of the ultra-sensitive photometer was more than sufficient,
only working time limited the maximum range at which irradiance measurements were made. Instrumenta-
tion for rapid beam alignment would have extended the maximum range substantially, but such devices were
not available.

4.4 IRRADIANCE ON-AXIS

The principal goal of the underwater experiments at Diamond Island in 1962 was the long range mea-
surement of irradiance on-axis with the diameter of the light beam restricted in accordance with the prin-
ciples of scaling described in Section 4.3. Thus, the diameter of the incandescent beam was reduced to a
diameter of 1/20 inch as it emerged from the projector in order to simulate a 0.5 inch diameter beam used
in clear ocean water having an attenuation length of 50 ft/In. Data were also collected with a beam diam-
eter of 1/10 inch to simulate the performance of a 1/2 inch diameter laser used in “‘average’’ ocean water
having an attenuation length of 25 ft/In. Except for the data reported in Figs. 4-35 and 4-36, which show
a red-green comparison, all of the on-axis irradiance measurements were made in terms of green light as
determined by a Wratten No. 61 filter that covered the cathode of the multiplier phototube.

A representative set of green light data is shown in Fig. 4-27. The underwater incandescent projector
produced a beam 1/10 inch in diameter (2.54 mm or 1.73 x 10”3 attenuation lengths). The 25-watt Sylvania
concentrated arc lamp was used in the projector so that the divergence of the light beam measured at 1/30
power points was 1.9 milliradians. This combination of beam diameter and beam divergence places the
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transition between near-field and far-field conditions at a lamp distance of 0.91 attenuation lengths; that
is to say, r' = 0.91 attenuation lengths in equation 7 on page 223 of Appendix A. Figure 4-27 and all of
the figures to follow in this section are semi-logarithmic plots of irradiance on-axis in relative units ver-
sus lamp distance in attenuation lengths. The expression e 2r is represented by a diagonal solid straight
line having a position fixed by the choice of scales for the plot. Ten measurements of irradiance on-axis

are shown by the plotted points. It will be noted that the measured irradiance follows the “‘a-line’’
throughout the first attenuation length and is only slightly beneath it when the lamp distance was two at-

tenuation lengths. Thereafter, the measured irradiance falls below the a-line, in a regular fashion.

The dotted line in Fig. 4-27 represents the function e 4T divided by the square of the ratio of the lamp
distance r to the transition distance r', as explained on page 223 of Appendix A in connection with the
discussion of equation 7 and as illustrated by Fig. 18 and its caption on page 224. It will be clear from
that discussion that if only monopath irradiance had been measured the data would have followed the dot-
ted line. The measured irradiance, however, is the sum of the monopath irradiance and the multipath ir-
radiance, as explained on page 223 of Appendix A. Thus, all of the long range data fall above the dotted
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Fig. 4-27. Circles show irradiance on-axis. Green light. Beam diameter 1/10 inch. Beam divergence 1.9
milliradians. Monopath component of irradiance is shown by the dotted curve.
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curve. Consider, for example, the point representing irradiance measured at a lamp distance of 8.6 atten-
uation lengths. This point lies vertically above the dotted line by a distance corresponding with a factor
of 9 in irradiance. This means that 1/9 of the measured irradiance was monopath and 8/9 of it was multi-
path. No curve has been fitted to the experimental points plotted in Fig. 4-27, but it is obvious that such
a curve would depart from the a-line somewhere beyond one attenuation length, become parallel with it in
the vicinity of 10 attenuation lengths, but show a converging tendency (a lessening of slope) at the long-
est ranges that were measured. This trend at long range can be observed even more prominently in
Fig. 4-28 and subsequent plots of the on-axis irradiance data.

Figure 4-28 is similar in form to Fig. 4-27 and demonstrates that when irradiance on-axis is normalized
at zero lamp distance, closely identical results are obtained by beams of light having the same beam
diameter-to-beam-divergence ratio; that is to say, the same near-field to far field transition distance r'.
Thus, in Fig. 4-28 the irradiance on-axis measurements denoted by the open circles relate to a beam diam-
eter of 1/10 inch and a beam divergence of 3.2 milliradians (r' = 0.54 attenuation lengths). The data repre-
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Fig. 4-28. Comparison of (nearly identical) normalized irradiance on-axis produced by geometrically different
beams of green light having nearly identical near-field to far-field transition distance. Open cir-
cles: 1/10 inch beam diameter, 3.2 mr divergence. Solid circles: 1/20 inch beam diameter, 1.9 mr
divergence.
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sented by the solid points relates to a beam diameter of 1/20 inch and a beam divergence of 1.9 milli-

radians (r' = 0.46 attenuation lengths). To the extent that these two values of r' are nearly equal, curves
passed through the two sets of points would be nearly coincident. It must be noted that the two beams of
light were substantially different in their total power. The power content of a light beam depends upon
both the square of its diameter and the square of its divergence. The points represented by the open cir-
cles pertain to a beam whose power content is more than 11 times greater than that of the beam represent-
ed by the solid points. Irradiance-on-axis at any given distance is the same only after the data have been
normalized at zero lamp distance.

The effect of beam divergence at small beam diameter is illustrated by Fig. 4-29. All four curves in
this figure are for a beam diameter of 1/20 inch (1.27 mm or 0.865 x 1072 attenuation lengths). The diver-
gences of the beams represented by the four curves were respectively, 0.6, 1.2, 1.9, and 3.4 milliradians.
These resulted from the use of the 2, 10, 25, and 100-watt Sylvania zirconium concentrated arc lamps in
the collimated underwater projector. Solid black circles along the a-line denote the r' points. The four
curves display an inverse relation between on-axis irradiance and beam divergence, but it is important to
note that all four of the curves have been normalized to unity at zero lamp distance. The gradual upturn
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Fig. 4-29. Effect of beam divergence at small beam diameter.
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of the curves beyond 10 attenuation lengths is clearly noticeable. Even at the longest distances measured,
however the slope has not reduced to the value K displayed by the solid curve in Fig. 4-30 beyond 10 at-
tenuation lengths. It is believed that the slope of all the curves diminishes the value K at suffi-
cient range.

Measurements of the irradiance produced by a uniform spherical lamp are shown by the solid curve in
Fig. 4-30. The lamp was a special version of the 1000-w incandescent ‘‘diving lamp’’ (No. MG-25/1) manu-
factured by the General Electric Company. It differed from the standard production item only in that the
inside surface of the lamp had a white diffusing coating which prevented the filament structure from being
seen and gave the underwater lamp a spherical distribution of intensity except in the direction of the lamp
base, which was located in a direction opposite to that of the irradiometer. This curve is closely analo-
gous to the one in Fig. 16 on page 222 of Appendix A. The discussion given there applies in all respects
to the curve in Fig. 4-30. It will be noted that the curve departs from zero lamp distance with a steep
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Fig. 4-30. Curve shows irradiance produced by a uniform spherical lamp. Circles and triangles show effect
of beam divergence on irradiance on-axis produced by collimated beams 2 inches (1.73 x 1072

attenuation lengths) in diameter.
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slope that is governed chiefly by the inverse square law in the manner shown by equation 3 on page 222
of Appendix A. At long range the curve becomes virtually a straight line with a slope of K in accordance
with equations 4 and 5 of Appendix A. The notation ‘47’ at the end of the curve denotes that it repre-
sents irradiance produced by a uniform, spherical, submerged source.

The circled points which lie above the a-line in Fig. 4-30 are the result of measurements of irradiance
on-axis produced by the underwater collimated projector used at its highest collimation (0.6 mr) and at
2-inch diameter (50 mm or 17.3 x 1072 attenuation lengths). Because of the large beam diameter all of the
measured points lie within the near-field of the projector. It will be noted that the row of circled points
is approximately parallel to the a-line. This suggests a possible technique for measuring the attenuation
coefficient of water. It would be necessary only to measure irradiance along the axis of a large diameter
highly collimated beam and determine the slope of a semilogarithmic plot of these ‘data versus actual
lamp distance. Such a measurement could not be regarded, however, as having fundamental significance
inasmuch as the points lie above the a-line in Fig. 4-30 by a factor of approximately 2.7. Thus, only one
part in 2.7 of the measured irradiance results from monopath transmission and the remainder represents
scattered light within the beam. The points denoted by triangles in Fig. 4-30 relate to measured values of
irradiance on-axis of the same underwater projector when equipped with the 100-watt Sylvania zirconium
concentrated-arc lamp so that it produced a divergence (at 1/30 power points) of 3.4 milliradians. The
character of these data is closely similar to that of the circled points. The irradiance on-axis contains,
however, a greater proportion of multipath light. Specifically, triangled points at long range lie above the
a-line in Fig. 4-30 by a factor of 5. Thus, 1/5 of the irradiance on-axis is monopath and 4/5 is multipath.
It should be noted, however, that the data have been normalized to unity at zero lamp distance.

The triangle points in Fig. 4-30 appear again in Fig. 4-31, which also contains the lower curve from
Fig. 4-29 (1/20 inch diameter, 3.4 mr) and two additional curves representing measurements of irradiance
on-axis for the same lamp when -the beam diameter is 1/10 inch (triangles) and 1/4 inch (solid squares).
Thus, Fig. 4-31 displays the effect of beam diameter at a nominal divergence of 3.4 milliradians. Diffrac-
tion effects, of course, produce variations about the nominal value. For example, the measured divergence
of the 2-inch beam at 1/30 power points was 3.04 milliradians but with the 1/20 inch stop it was 3.5 milli-
radians. It is the author’'s belief that at sufficient range all of these curves would achieve a K slope.

Figures 4-31 and 4-32 show irradiance on-axis data for 1/20 inch and 1/10 inch diameter beams at di-
vergences of 1.9 and 1.2 milliradians. Comparison shows that the pair of curves approaches the a-line as
divergence decreases and that their separation diminishes. Figures 4-31, 4-32, and 4-33 show that the ef-
fect of beam divergence is rather minor for beams having diameters of 1/20 inch and 1/10 inch and diver-
gences of 1.2 mr or greater. There is an abrupt change, however, when the collimation is reduced to a
nominal value of 0.6 milliradians through the use of the 10-watt Sylvania zirconium concentrated-arc lamp.
The data are given in Fig. 4-34. Not only is the irradiance on-axis much closer to the a-line for the 1/20
inch diameter beam but the triangle points which represent data for the 1/10 inch diameter beam lie above
the a-line at short ranges! It must be remembered that all of the irradiance on-axis data have been nor-
malized to unity at zero lamp distance. Nevertheless, at four attenuation lengths the on-axis irradiance
produced by the 1/10 inch beam is more than 8 times greater than that produced by the 1/20 inch beam. It
is interesting that, at short ranges, the highly collimated (0.6 milliradians) beam displays “‘large diameter”’
characteristics when the actual diameter is only 1/10 inches (2.54 mm or 1.73 x 1073 attenuation lengths).
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Fig. 4-32. Effect of beam diameter at 1.9 milliradians divergence.
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Fig. 4-33. Effect of beam diameter at 1.2 milliradians divergence.

IRRADIANCE BY RED LIGHT

All of the data presented in Figs. 4-27 through 4-34 were in terms of green light defined by means of a
Wratten No. 61 filter attached to the EMI No. 9524-B multiplier phototube. Throughout these experiments
there was often speculation on how the nature of the data would be affected by wavelength. In particular,
would the irradiance on-axis produced by red light differ significantly from that produced by green light
after allowing for diminished attenuation length at longer wavelength? Answers to this question were ob-
tained by experiments made on 27 and 28 August 1962. The Wratten No. 61 green filter was removed from
the phototube and replaced by a Wratten No. 25A red filter. The attenuation length for red light was then
measured and found to be 1.87 feet (0.62 meters); the diffuse attenuation coefficient K was measured as
0.876 In/m. Measurements of irradiance on-axis were then made with a beam diameter of 1/10 inch and a
nominal beam divergence of 1.9 milliradians for comparison with the green light data depicted by Fig. 4-27.
The comparison is shown by Fig. 4-35 in which the green light data, denoted by open circles, are the same
data given in Fig. 4-27. Red light data are shown in Fig. 4-35 by solid circles. They agree quite closely
with the green light measurements when all lamp distances are expressed in attenuation lengths for green
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Fig. 4-34. Effect of beam diameter at 0.6 milliradians divergence.

light and red light, respectively. Thus, no significantly different new phenomena were observed by chang-
ing to red light.

) Irradiance on-axis was also measured with red light after the 1/10 inch diameter stop had been remov-

ed from the projector so that the beam diameter for the second series of measurements was 2 inches
(60 mm). These data are shown in Fig. 4-35 by solid triangles. They exhibit precisely the same type of
behavior shown by 2-inch diameter beams of green light. :

The experiments with red light were continued by reducing the beam diameter to 1/20 inch and measur-
ing irradiance on-axis for comparison with corresponding green light data. This comparison is shown in
Fig. 4-36 and illustrates again the lack of difference between red light and green light data when compared
in terms of the respective red and green attenuation lengths.

4-33




100
1 [ 1 | | |
A
@A RED

1071 — o a O  GREEN -—

10-2 — ]

1073 [— —
o
z
o}
w 1074 ]
>
2 B
<
o
«©
% 1075 [— —
>
<
2
o
3] 106 (— ]
P
<
[a]
<
:3 107 ]

(o]

108 [— —

109 — —

10-10 | | l \ | | | 1 1

0 2 4 6 8 10 12 14 16 18 20

LAMP DISTANCE IN ATTENUATION LENGTHS (ar)

Fig. 4-35. Comparison of normalized irradiance on-axis produced by red light and green light.
Beam diameter 1/10 inch. Beam divergence 1.9 milliradians.

A dramatic difference between the red and green data was found, however, when the irradiance produc-
ed by the uniform spherical source was measured. These data are also shown in Fig. 4-36. Although the
character of these curves is similar, it is evident that they are approaching different asymptotes; thus, the
diffuse attenuation coefficient K is substantially larger for red light than for green. This result fol-
lows directly from the fact that K is dominated by the absorption coefficient which, in turn, is controlled
in the upper half of the visible spectrum by the absorption coefficient of pure water. This increases
dramatically with wavelength. Thus the ‘‘4#’" curve for green light intersects the a-line at approximately
15.8 attenuation lengths whereas the corresponding intersection for red light is approximately 21 attenua-
tion lengths. Except for this understandable difference, the nature of the irradiance function for a uniform

point source is similar in terms of red light and green light.
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Fig. 4-36. Comparison of normalized irradiance on-axis produced by red light and green light. Beam
diameter 1720 inch. Beam divergence 1.9 milliradians. Solid curves compare irradiance
produced by red light and green light from a uniform spherical source.

The author believes that if measurements of irradiance-on-axis had been extended to sufficient range
the red and green curves would approach different asymptotes corresponding to red and green K values,
respectively, just as did the irradiance functions for the red and green uniform spherical source.

COMPARISON WITH IRRADIANCE PRODUCED BY LASERS

Section 6 of this report describes experiments at Diamond Island in 1966 which showed that identical
values of normalized irradiance-on-axis are produced, respectively, by a neodymium-doubled pulsed laser
and by the incandescent collimated underwater projector when the geometry of the beam of laser light and
the geometry of the beam of incandescent light are made identical. If this requirement is fulfilled the ir-
radiance on-axis data presented in Figs. 4-27 through 4-34 are applicable to the 20 nanosecond pulses of
light that were produced by the laser.
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9. EXPERIMENTS WITH THE FIRST UNDERWATER LASER

5.1 INTRODUCTION

The U.S. Navy's first underwater green laser was made available to the Visibility Laboratory for ex-
periments during the summer of 1964. It was developed by the Radio Corporation of America, Aerospace
Systems Division, at Burlington, Massachusetts and has been described by Mr. Howard J. Okoo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>