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UNDERWATER LIGHTING BY SUBMERGED LASERS

- was measured at virtually all distances on-axis and off-axis in

seven kinds of water,

- is represented by an equation for engineering use,
- - - is predicted 1n other Kinds of water,

- is predicted at any wavelength.

UNDERWATER LIGHTING BY SUBMERGED INCANDESCENT SQURCES

- - was measured at virtually all distances

on-axis,

off-axis,

from a spherical lamp,

from a plane diffuser,

with polarization.

UNDERWATER LIGHTING FOR PHOTOGRAPHY

- - - is itiustrated
at short ranges,
at long ranges,
by measurements,

by equations.

OPTICAL. PROPERTIES OF WATER
- - are identified and defined in Appendix A,

- - - have been measurad by new techniques for

attenuation,
scattering,

absorption,
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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 responsibie for most of
the Laboratory’s in-water research. Other agencies have also participated including the National Science
Foundation, the Nationa! 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 consnderable study durmg 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 pfihcipal 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 Fi£LD 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 difficul’ias of conducting the experiments from aircrafi at sea
.0 11d be so great that the probability of eventual success would be low
tion would fall short of its goals unless an inexpensive and favorable ou Joor working environment could
be found. (1) that the exp=riments should be inttiatea in a fresh-water lake,
where many ocean complications would not be encountered;
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 ditfer from those of corresponding gquantities in the oceans
but that the significant optical principles would be identical. He recommended that the research be shifted

He believed that the investiga-

Dr. Huiburt recommended:
{2) that no aircraft be used, but that a struc-

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 expcriments 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 1s three-

eighths of a mile long, three-sixteenths of & mile wide, and comprises about 35 acres of mixed forest.
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A Figure 1-2 shows oblique aerral photographs of theastand as seen from the south, s hilly o the highest

ground being about a hundred feer above fake level, A location excellent for all aspects of the work ex-
‘j" isted on the south shore of the island. (See Fig. 1-2.) Arrangements were made among the Office of Naval

Resedrch, its comtractor {the Massachusetts Institute of Technology), and the

anee ot Diamond Island
(F. C. Spooner) tor the astablishment of a field station where the desired research could be conducted,

Later, in 1952, the author moved the Visibility Laboratory from ML.T, to the Scripps Institatien of Ocean-

ography of the University of Calirornia tn San Diego and custedy of the field station
stitution,

..

siifted to that in-

T .
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The research at Diamond Island by the author and his colleagues began in 1948 and continued
throughout successive summers entil 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,

1.8 THE FIRST DECADE (1948 - 1958)

The Visibility Laboratory excariments 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 attenticn was given to objects illumi-

nated by submerged artificial light sources.

Sunlight and skylight peretrate the water » illuminate any submerged object and, because of scatter-
ing within the water lower its anparent 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 Islard 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 Island 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 reporis and publications. Stifl
other papers, chiefly by the author’s colleagues, describe related experiments t:-at they performe: 1t sea.

A bibliography of these writings is in Appendix B of this report.

1.6 THE SECOND ERA (1959 - 1966)

e The second era of research at the Diamond Istand field station was concerned with underwater light-
" ing from submerged artificial sources. Initially, lighting produced by submerged conventional sources was
fj&_" studred in the interest of underwater photography, television and direct viewing from submersibles or by
e swimmers, Experiments of this kind began in 1958 and dcminated the program in 1959 and 1960. By 1961
“ interest had centered on the probable advent of underwater lasers capable of producing blue-green light
| '1,1, either continuously or at very high peal. power and short pulse duration. Actually no underwater laser
‘e source was available untit 1964, but in anticipation of it experiments were conducted in 19671 and 19G2
with an incandescent underwater projector which produced beams of light similar in diameter and collima-
tion to those expece.d from underwater lasers. Experiments with underwater lasers were made at Diamond
Island in 1964, 1965, and 1966.
17 SIMULATION OF OCEAN CONDITIONS
Transfer of the laser experiments from the lake 1o 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 o speceial
'5-'. laboratory tank. Preparations for this work proceeded throughout 1968, 1969, and eorly 1970, Financral
' supplementation was provided by the U.S. Naval Air Development Center, the LS. Naval Ordnance Labora-
tory, the Department of Commerce. and Sea Gram College Program of the National Serence Foundation, | x-
tensive Cata on the propagation ot Laser beams through stmulated ocean waters of many kinds were achievisd
during 1970.
14
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This report covers al' of the experiments on underwater artiticial righting made during the ten-year
litetime of Contract NOD014-€9-A-0200-6C13, 1961 -1970, inciuding both the research at Diamond Island
(1961-1966) and that in rhe ocean simulation tank. Many of the experimental and theoretical studies
*» which preceded Contract N00014-69-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 rolevant

: preliminary experiments are summarized in the section which follows,




2. OPTICAL PROPERTIES OF WATER

2.1 EXPLORATION OF FUNDAMENTALS

The first decade of research at Diamond Island {1548 — 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 ressarch tgschibod in this report. One product of the first winter of contract N00014-69-A-0200-6013
was the writing of a paper entitied ""Light in the Sea’’ which provides a comprehensive overview of these
fundamentals. It also interprets the experiments with submerged incandescent famps 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 tiic report, partly because it is a product of the contraci but principa'ly be-
cause it provides definitions of the concepts, the terminoiegy, and the notation used throughout this re-
port. It also includes essential descriptions of some of the apparatus used throughout contract
N00N14-69-A-0200-6013 and it presents the results of experiments with a highly coltimated 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 he made throughout this report.
The terminology and symbuls it defines will be used bui 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 themselives 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

shoiten this report.

2.2 EARLY MEASUREMENTS OF UNDERWATER LIGHTING BY SUBMERGED LAMPS

Although a few experiinents during the first decade at Diamond !sland employed submerged incandes
cent lamps for various purposes, the tirst extensive n. asurements 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 summari zed
briefly on pages 221, 222, and 223 of Appendix A, An interesting addition to one of these  experimients
was made in 1962 under contract N0OOO14-69-A-0200-6013, as described in the following section.

2.1




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. It 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
Lamp Distance
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73 50
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Fig. 2-1. Angular distributions of apparent radiance produced by plane circular, diffuse, submerged sources

10 milliradians in angular diameter.
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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 spect-al response limited by a Wratten 61 filter.  Thus, a submerged
circular plane source 10 miiliradians in anguiar diameter was scanned with a 3.59 milliradian accept-
ance cone.

The lamp was then moved 25 feet closer to the telephotometer and the diameter of the plane emitting
surface ‘vas reduced to a diameter of 174 foot, so that the apparent angular diameter of the source re-
mained ) milliradians. The new angular distribution of apparent radiance was then recorded. ln this way
a family of four radiance distribution measurements were made at lamp distances of 50, 26 12,5, and 6.25
feet respectively but with the diameter of the plane emitting source correspondingly reduced (172 ft_,
174 ft., 1/8 ft., 1716 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-T In each case the apparent rad ance of the diffusely emitting
plane surface has been normalized to unity in crder to display the shape of the curves most sinply. 1 de-
sired, relative values of the apparent radiance of the ditfusing disk can be easily calculated from there-
spective true water path lengths (48.26, 23.25, 10,75, and 4.50 feet) and the prevailing attenuation length
{4.62 ft/In) since the reduction of its apparent radiance wich distance depends only on the attenuation co-
efficient «a, as illustrated by Fig. 14 on page 227 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 famp distance. By visual inspection, the spherical source coutd
not be discernea at a lamp distance of 75 feet {16.2 attenuation lengths), although the water was bright

with the scattered radiance from the {amp.

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 tamp produces a brighter glow which changes
the adaotive state of the eye, thereby lowering its ¢ontrast threshold and enabling the lamp to be moved
to a siightly greater distance hefore the apparent contrast hetween 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 & kifowatt 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 saen.

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 colume 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 vatues ot thi- water
property. This suggests that a basic property of water s being measured, since no unique experimental
procedure 1s required.  the spectral voiume attcouation coefficient will be denoted in thhs report by the

Greck letter afpha {(a).”

* Por rensons of convenlence (see p. 216 of Appendix ALY the recaprocal of alpha O @) appears nuch more cften

throughout this report than does alphoatself. Reaprocat alpha Cad s dled attenoation Tengthy ol dys

tance through optically uniform wate: there s attenustion by o factor of oo DUBTY,




WHAT 15 ALPHA?

aeveral 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 detined illustrates that attenuation
has multiple aspects. |t suggests that, actually, several different forms of spectral volume attenuation
confficient are possible, each for use in some particular circumsiance. Amazingly, however, numerical
values of alpha for natura! waters are alike by nearly all reasonable techniques within the precision and

accuracy of conventional, high quality radiometric measurements - photoelectric, photographic, or visual.
Y Y

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 appreximate some definition. Nearly each user becomes concerned about whether the in-
strument he is using measures alpha properly for his particular apptication. No one seems sure and this
is a perpetual source of concern to the entire user community. !t 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 mcre
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
natu al waters that can be called ""alpha.”

The spectrai volume attanuation coefficient is the cornerstone of this report. The paragraphs which

follow describe many experimentai 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 aipha 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 itlusive concept lying at the
very foundation of hydrologic optics. [t is hoped that the paragraphs which foltow will show that there
exists a redl, 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 plase reliance on measurements and to use data and equations altke  for deeper understand-

ing and useful accomplishments.

TECHNIQUES FOR MEASURING ATTENUATION

No attempt will be made to catalogue all available techniques for meassuring the spectral volume atten
uation coefficient itpha (1), There are dozens, and new methods or variants on old cnes can easily be in
vented. It is, however, important to consider several signmificant and quite different types of measure

ments which, in all cases, yield the same numerical result,  This wili be done an the paragraphs

which folltow




Contrast Keduction. The initial research at Diamond Island (1948) concerned the eisibjlity 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, including the author. The apparent contrast of ob-
yects viewed along horizontal atmospheric paths of sight against an apparent background of cloud-free
horizcn sky had been found to diminish exponentially with distance. An attenuation coefficient « was
assigned to this phenomenon. Underwater photographic telephotometry of cbjects along horizontal sub-
merged paths of sight disclosed that the simple exponential form of contrast reduction equation also 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 valur 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 o by any otiier 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, tater, Diamond Island research with artificial lights at
night reguired an instrument for measuring alpha. Rudimentary light beam transmissometers had beer used
by others. The first such device seen by the author (1244) consisted of a wooden yardstick with a flash-
fight 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 l.aboratory designs
produced a truly excellent transmissometer (see Fig. 2-2) which was used at Diamond Island in 1958 for
research dascribed in Appendix C. These experiments used ighoratory psychophysical visual detection
threshold techniques underwater for the first time. They showed, in a very careful series of measurements,
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Fig. 2-2

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

Personnel: dJohn Foster (kneej-

ing) and John K. Tyler.

* Along horizontal paths of <ight only.
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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

Alvha from Visual Threchold Rage. The underwater psvchophysical experiments describod in Ap-
pendix C show that laporatory 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 witl, when deployed horizontally, lose sight of cach other at a separation of 4 attenuad-
tion lengths when there is ample daylight. Thus, two swimmers can determine reciprocal alpha (1/¢) sim-
ply by separating hcrizontally 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.

Nipha at High Collimation.  The completion in 1962 of the second underwater tower and track at Dia-
mond Island, with precision remote pointing controis 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 vath. When used with the 2-watt concenirated-arc source and full
2-inch beam diameter the divergence of the projector was 0.175 miltiradians (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 3ource 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 beain diameters were tried at lamp distances from 1 to 20 feet,

Several types of receivers were tested; one was the Visibility Laboratory Mark 1V photoelectric tele-
photometer shown in Fig. 2-3. This supcrb 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 arnd 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 ccllimation is provided for both source and receiver. Beam divergence and receive)
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 « -~ 0 reading. Their data agrees with that produced by daylight teiepho-
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 apureciably different value of the vol-

ume attenuation coefficient.

Alpha from Measwoements 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-siope is foilowed when the
receiver is an irradiance cotlector. Many ways of measuring alpha are suggested by these curves. In most

practical circumstances, however, they are net attractive options from the standpoint of convenience.
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Alpha from Telephotometry of an Extended, Diffuse Source.  The most convenient way of measuring
aipha 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 cenrter
of the diffusely emitting surface produced a straight line on a semilogarithmic plot of apparent radiance
vs. lamp distance. The numerical siope of ihis line agreed exactly with alpha measured by the transmis-
someter and other techniques described above. In this case ail of the collimation was provided ty the
excellent telescopic optical system of the Mart. |V telephotometer.

In practice the diffusely emittinig 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 iamps have served many snecial research purposes
throughout nearly 10 years. Fig. 4-9 shows one of the production type TM/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 1V 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/« could be read. Fig. 2-4 is an example of a typical
determination of alpha by this technique. The volume attenuation coetficients were measured in this way

throughout all of the experiments described ir -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. Severai of the foregoing techniques
are applicable. For example, the method described in the preceding paragraph can be used by letting the
laser bram 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 “npraximateiy 1 meter of air before entering an integrating
sphere through a 1 cm 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 meusurement 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 tight from the RCA laser was identical with that found by
means of incandescert light and the Wratten No. 61 filter.
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Fig. 2-4. Semilogarithmic plot of the relative apparenl radiance of an extended, diffusely emitting, suhmerged source
at 8, 16, 24, and 32 feet from the Mark IV telephotometer.  Attenuation length and alphe are indicated by
ihe intersection of the data line with a verticul nomographic scale.  The 24-foot measured ~vater path cor-
responded to about B attenuation lengths at Diamond Island.

) . Measurement window in laboratory tank
intagrating sphors
with phototube i ack

N

7.
1 meter / laser beam in water Cart

Y, S

/ X s
g AN

/// Variable path length

Clearance holes 1 cm

in dismaear
Opaque stop

fere, 2-6. 0 Schematic plan view of techmigue for measurimg volum.e attenuation coeffreient G an the

taboratory tank with Light from the argonaon basor (see Section 7).

28




y

DEFINITIONS OF VOLUME ATTENUATION COEFFICIENT

A medasurable 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 apptlications,
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 negligibie, 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-basad statement like that on p. 216 of Appendir A which relates aipha to "‘residual radiant power
reaching a distance r without having beea deviated by any scaitering process™ 15 less sensitive to the
dilemma than are definitions which identify the attenuation coefficient with “residual image-forming fight
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 latter statements seem
to imply that alpha must be different for each application, depending not only upon the summative diamcter
of the detector mosaic but also upon mere subtie details, including the phase delays, if any, in the scat-
tarea tight.

No instrument for measuring alpha can match all user applications. Perhaps it can match none ex-

ctly. s 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 technicues, suffice to produce a stable numerical optical preperty of natural waters that
has widespread applicabilitv to practical problems.  For example, in a “lashed-tegether”” ¢comperison &t
the U.S. Navy’s Morris Dam Test Facility in March 1970 identical vatues of «  witiin instrumental preci-
sion, were measured in low clarity waters (¢ =~ 2.4 to « 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 splerdid doubly-coifimated transmissometer described by
G. Sorenson and R. C. Honey,  which discriminates against light which has bren 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 alplia mea-
surements sensitive to high transmissometer coltimation.  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 coetficient which is applicable to naked-cye visi-

bility by swimmers, to normal underwater photography and television, and to most other apphcations.
Y I grapny !

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-angfe
scattering for the specific type of water in which tie equipment is o be used. The Latter requitenent
stems from the variabihity of scattening at very small forward angles depending upon the concentration ol

*See st Ll Underwater Photosoptical Tostrument Apphication Se e Procecdings p. ElO- 116 andd [P DTS SR IS

Fetruary TH6K,
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in high resolution imagery, etfeets due to thermal

particles having diameters of 100 micrometers or more.

inhomogeneities and salinity gradients in the water must a'so be considered.
SPECTRORADIOMETRIC MEASUREMENTS OF THE VOLUIME ATTENUATION COEFFICIENT

Nearly all of the: experiments made at Diamond Island wern in a single spoctral reaion, because only
Most of the Visibility Laboratory’s measurements of spec-

“monochromatic’’ effects were being studied.
The gpectral band used at Diamond Island was selected with

tral effects in water have been made at sea.
care; it is defined hy the Wratten No. 61 filter. (See Appendix G, Fig. 2.)

The criteria originaily considered when the Wratten No. 61 green filter was selected {1949) included

the follewing:
(a) Absarption should te at or near minimum.
(b) Absorpiion should be nonselective or nearly so.
(¢} Spectral band-width should be as large as possible in the
inferest 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 spectial Land pass established by the tilter should
not be appreciably narrowed by the action of the water at long

path lengths.
The Wratten No. 61 filter seemed to fulfii these requirements best at Diamond Isiand 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 wavelangth 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 tu 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. [t was felt that a better exploration of this possibility than was accom-

ptished in 1949 could and should be made.

Tt + 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 coeificient with 10 npanometer resolution throughout the visinle soectrum,

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 spectreradiometer to divers, whe will mount 1t on
the lake bottom. Tyfer and Fred Pinkham, supervisor of the Tield station, supervise, In Fig. 2-7 Typer op-
erates the remote controts and annotates the recorder record as the spectral volume attengation coetfi-
crent of Jake water 15 measuied from 400 am to 700 mim with TG am 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 o Wratten No. 6 tiner 1s also tisutated as g column i Tabte 23 The attenue

tron coefficient tor the hand pass of the VWeatten Noo 61 fibter and for g nonseleative sourae reccavier com
dnd

bination were celogtated for the fast meter of path the Second meter of path the third meter of path
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TABLE 2.1
Attenuation” Transmittance” Transmittance of
Coefficient per unit of Wratten No. 6"
Irelative vatues) path length Fitter

.870 0.419
.798 0.450
750 0.472
685 0.504
615 0.541
575 0.563
548 0.578
522 0.593
500 0.606 0033
480 0.619 .0400
462 0.630 1660
A45 0.641 3230
430 0.650 4000
420 0657 .3960
414 0661 3450
41 0 664 2630
408 U.66% 1730
2414 0661 0970
428 0.652 0440
473 0.623 0166
575 0563 0038
608 0544
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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 ccefficient for the first meter of water is about 2 percent greater than the attenuation
coefficient for monochromatic light of wavelength 530m; and that this 2 percent erfect gradually dimin-
ishes essentially to zero at a lamp distance of approximately 30 meters, or about 12.6 attenuation lengths
for iaser 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 aftenuation lengths the attenuation coetficient 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 tengths (lamp distances) from 1 to 60 meters; this was calculated by equating the inte-
grated beam transmittance for each path length to exp| —«'r} and solving for «'. Figure 2-9 shows that the
equivalent volume attenuation coefficient gradually approaches the spectrai volume attenuation coeffi-
cient (0.420 In-'m) for 530 nm as the length of the path increases. For a 60 meter path the agreament is
within 0.2 percent. It 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 positicon of the plotied points in Fig. 6-1.
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Fig. 2-8B.  Illustrating the (small) change in equivalent attenuation coefficient with path length.
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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 fioating instrument platform was known tc 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. 2-100  Floating instrument platform (harge) moored near the outer end of the underwater track at Diamond

Island, The inboratory building can be seen on the wooded stope bevond the hoat house.

centrally tocated, circular underwiater 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 carsson cut of water on it rivine raiiway
at a local hoat yard, where it was buiit tram a Visibihiy Laporatory design i 1948,

Figures 2-17 thoough 214 show the scattering meter attached te the barge. In the nosition shown, the

incandescent projector sends o beam of Light outward above an | beam and into a light-trap. The trap con-

sists of a hoellow tube which ternunates o1 a black glass mirror set at 4 Gegrees to the vertical. Are




movable cap above the mirror permits easy focusing and beam alignment. The scattering volume is fo-
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 ‘n angular diameter was frequently used. Between the projec-
tor and the scattering voiume 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 un the |-beam and is maintained paraliel to
the axis of tne telephotometer by means of a blackened tension line. Thus, it maintains the scattering
volume constant at all scattering angles.

The telephctometer 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 circutar
turntable equipped with detents at & degree intervals. In use, a swimmer turns the {-beam through5 de-
gree increments of angle as directed by the axperimenter 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 meta! baffle plates put in place by the swimme:. Polarizers are
sometimes used on the vrojector and on the telephotometer.
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Fig. 2-11

Research barge out of water on s marine rail-
way. Scattering meter attaches to the barge
outside the cuwoular underwacer window on
the right.




Fig. 2-12.  Scattering meter attached to research barge.

Fig. 2-13.

Scattering meter attached to
rescarch harge.
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Foag. 2-14.

Seattering moter attached to research barge.
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Calibration of the Sceattering Meter,  The scattering meter was calibrated by mounting a black-glass
mirror directly above the pivoet point of the |-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 pupt!l and
the field stop cf the tetephotometer were farger than the fight beam. Thus, the teiephotometer measured
the total power in the beam it received. The reflectance ot the black-glass mirror was catculated 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 absoiute units.

Elimination of Strav Light. A sericus amount of stray light is caused by multipath (glow) effocts in
the water when the volume scattering function is measured at small angles. This must be minimized and
data corrections determinad for all values of the volume scattering functicn 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 degrecs.
Here stray light may equa! or exceed that from the scattering volume. A simple correction to the data
can, however, be generated ac follows: After each datum has been taken, the swimmer-assistant holds
a small, black, opa‘due piece of metal attached 10 a long wand-like handle in the path ot the light from
the projector just before it rzaches 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) datuin. Uniess this correcrion is made, very serious distortions of the volume scatter-
ing function at small scattering angles will result.

Measurements at the Undericater 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 doscribed in the pre-
ceding paragraphs was removed from the barge and instalied on the underwater towey, outside the window
nearest shore. This focation is directly beneath the door and footbridge shown in Fig. 2-6. All details of

the measurement ramained the same.

Measurements with the Laser.  During an absence of the author from the field station in August 19065
several experiments were made by visiting scientists from the US Naval Ordnance Test Station. China,
Lake, California. In one of these, the projector, Waidram stop, «nd tight trap were removed from the |-
beam ot the scattering mewer and the RCA underwater laser was mounted in place of the projector. The
shape of volume scattering function curves thus preduced appeared to have distortions typical of the eof-
fects of stray light at small scattering ang'es. This observation impelled the author to repeat the experi-
ment auring the following summer (1066).  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 1956 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
requtar configuration {as in Figs. 2-11 through Z-14) on the same night i1 1966 onwhich the laser data
were obtained. The result i3 shown by the dasiied line in Fig. 2-15.  On this occasion a small-angle
coaxial scattering meter of the type shown n Fig & onp. 218 of Appendix A was used to measure the
volume scattering furction at U.5 degreos: see Fig. 2-15. This instrument s shown in Fig. 216, 1t was
designed and constructed by the Visitilhity Laboratory for the US Naval Air Development Center, and was

first used extensively a2t sea by Dr. Robart Morrison, then of N AD.C
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The laser data are shown by diamonds in Fig. 2-15. At the larger scattering angles they parallel the
Between 30 and 40 degrees the laser data make an unex-
There is no cer-

incandescent curve but are slightiy higher.
plained decrease by a facter of about 2 and then paratlel the incandescent curve again.
't went unnoticed until after data reduction a day or

t may be speculated that some change
Some

tain explanation of this anomaly in the laser data.
two later. There was ro opportunity to repeat the experiment.
occurred in the built-in photoelectric monitor system of the laser or in one of the oscilloscopes.

operator error may have been made, or the oscilloscope pictures (i.e., the data points) may have been
The author betieves that if it had been possible

labeled incorrectly with respect to the scattering angle.
scattering

within the constraints of time and funds to have devoted ancther night to repeating the laser
experiment, the laser points would have formed a continuous, smooth curve parallel to and slightly above

the nonpolarized incandescent curve at ail scattering angles.

A reason for the small vertical displacement between the laser data and the incandescent points was
sought. |t 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 undei-
water incandescent projector used for the experiments described in Secticn 3 of this report. The aperture
cf the projector was stopped dowa to a diameter of 3/16 inches as a rough match of the size of the laser
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Fig. 2-156. Volume scattering function measuretients af Dramond Istand.
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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 remnved, 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 !arger scattering
angles. The solid curve in Fig. 2-15 represents the polarized incandescent data and the laser data as we!l
between 40 and 165 degrees; the author believes that it also represents the volume scattering function for
laser light at the smaller scattering angles. |f so, laser light and similarly pclarized incandescent light
have identical volume scattering functions between scattering angles of b and 165 degrees.

Form of the Volume Scaitering 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. If significant "'roll-off”
has begun at that angle, diffraction considerations would make it appear that the lake contains many jow-
index scatterers hiving effective diameters of 160 micrometers or more.

Fig. 2-16.  Small angle 7 Sty scattering meter similar in design to the counxial
scattering meter diagramed in Fig.s 8 on p.o 218 of Appendix A.

This page is reproduced at the
back ot the report by a different
reproduction method o provide
better detail.
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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 (1) to the spectral volume absorption ceefficient (a}, as shown in Section 7. Equipment capable
of making in sifu measurements 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 fiow
(dP/dv) of monochromatic rodiant power to any element of volume {dv) in the daylit sea. That flow equals
the product of the volume abisorption coefficient (a) end the scalar irradiance (h), defined later in this

section. 1

At Diamond Island, measurements of the absorption coefficient (a) were needed at night. This was ac-
compiished with available submerged light sources by means of a technique based upon the divergence
theorem described in the foliowing 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 [n sity with laser light.

Other methods for measuring the absorption coefficient in situ involve inescapable, inherent approxi-
mations, often of uncetain 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 nf tight in water may be written

V-.H = ah, ' (2-1)
where H is the spectral vector irradiance, having components }qx, ﬁy, and f-_iz. For 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 symbo! h denotes spectral scalar iradiance, and a is the

spectral volume absorntion coefficient.

* Also, the resolution of underwater imageery.

**x Shrenson, G. and Honey, . C. “‘Instrumentation for Measuring the Visibility Limiting Charncteristics of Seu Water’

S.P.LE. Underwater Photo-Optical Instrument Applications Seminar Procedings p. 115, February 1965,

1 Also defined on p. 399 and p. 400 a0 Vol, [, Chapter 8, Sceetion 4 of THE SEEA, M. N, Hill, General Kditor, Diter

science Publishers, John Wiley & Sons, N. Y. 1962,

f Gershun, A THE LIGHT FIEKLD, Svetovoe pole, Moscow 1936, ree p. 102 of Snglish translation in Journal of
Mathematics and Physics 18, H1 (1839).
Preisendorfer, 1. W., **The Divergence of the Light Freld in Optrcal Media® SIO Ret. H8-41 Cluly 1957)
R85 90U, AL 247 620.
rersendorfer, K. W., C*Simple Permulas for the Volume Absorption Coefficrent m Asymptotic faght Frelds™

SO Ref, 579 (November 1958 PR OIS 096, AD 212 744,




SCALAR IRRADIANCE

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

hip) = ji N(p.0.)dQ . (2-2)

a7

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, hy the velocity of light in the medium, to the volume

density of spectral radiant energy.

TECHN{QUE OF ABSORPTION MEASUREMENT

Convenience was served at Diamond Island, and in the laboratory tank as wel!l, by using a 1-dinien-
tional flow of light. Since daylight was not available, a spherical (effectively piane) light field was pro-
duced by a distant uniform spherical lamp. This was a special inside-frosted 1000 wait incandescent
diving lamp made for the author by the Genera! Eiectric Company as a medification 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)
— = ah(r), (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 fight moving away from the lamp (1.e., toward the photometer in the tower), thereby neglecting the
return flux. This approximation was an excelient 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 carn be represented as follows:

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

4m . . . . .
of the spherically symmetric light field surrounding a uniform point source in uniform water, where the net

flow of radiant power is radially outward, h{r) = h{r,4) 4 h{(r,-}; here

hir,+) f N(r.f0,4) dQ {cutward flux),

nner
hemisphere

and

hir,~) [ N(r.t/,b) d} {return flux).

»outer
hemituphere

223




At D...mond Istand, and in most clear natural waters, integration of radiance distribution data shows
that outward component of scalar irradiance h(p,+) comprises almost 29 percent of the total; thus,
hip,+)>>np,~). An equivalent statement holds for the corresponding outward and return components of

irradiance. Thus,

Hir,+) = / Nir.0,¢) cosd dQ
i

nner
hemisphere

Hir,-) = f N(r,0,¢) cos@ d(2 .

uter
hemisphere

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

For the 1-dimensional (radial) flow (Eq. 2-3) can be written
d
— [HeeH = Hir-)] = a[hes-hir-]
~dr

The excellent approximation of neglecting the return fluxes then yields the expression

dH(r, +)
N L (R (2-4)

Precision. 1t might seem that the precision with which the derivative dH(r,+)/dr in Eq. 2-4 can be
measured i1s 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 Hir 1) closely approximates a straight semilcgarithmic line; that is to say, the long-range portion of
the curve can be fitted by Hi{r, +)/H(r .-t) - exp [--K(r2 - )] or dHir,+)/dr K H(r,+:, where K is an at-
tenuaticn function for scattered light that is identified on p. 222 of Appendix A as being numerically simi-
lar to the attenuation function k ior daylight scalar irradiance. Thus, EQ. 2-4 may be written

3,
o

K H(r, +) a hir,4), (2-

with the restriction that H{r,+) and h(r,+) must be measurad 3! a sufficieat lamp distance 1o make H{r +)
linear when plotted semilogarithmically, as in Fig. 16 on p. 222 of Appendix A, That restriction serves
however, to enahle K to be measured to nigh precision by a convenient technique described in the follow-

mg parageaph, thereby solving the precisicn problem that is seemingly inherent in £y, 21
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MEASUREMENT OF K

om a uniform spherical submerged light

The spherical diffuse attenuation K for the light field far fr
cal diving lamp on the underwater

source was measured by mounting the 1000-watt inside frosted spheri
ciently long range to produce straight lines on a semilogarithmic

in Fig. 16 on p. 222 of Appendix A. At Diamond !sland it was
r,+) at lamp distances of 90, 110, 130, and 150 feet and to
graphic scale in Fig. 2-17 enabled K to be directly

cart, and measuring irradiance at a suffi
plat of irradiance versus famp distance, as
standard procedurs to measure irradiance H{
plot these data as illustrated in Fig. 2-17. The nomo
with high precision.
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MEASUREMENT OF THE RATIC H(r,+)/h{r.+)

Eauaticn 2-5 may be written

Hi{r,+)
a =K~ .
hir,+}

(2-6)

In the laboraiory tank (see Section 7} two special irradiance collectors were used to measure Hir,+)
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 ard one of the collectors in place in the laboratory tank. An equiv-
alent pair of collectors were used at Diamond !sland. Each collector is irradiated, in turn, by a uniform
spherical submerged lamp at a distance sufficient to fulfill the restriction on Egs. 2-5 and 2-6 explained in
the preceding section.

It wiil be noted in Fig. 2-18 that both coliecting surfaces are supported by frustrums of cones which
are painied glossy black. The primary intent of this design is to minimize irradiation of the rear side of
the sprerical 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 coliector, thereby minimizing any local
effects due to multiple scattering.

Calibration. A different degree of optical coupling exists between each collector and tne 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 lignt 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 colitmated beam, because their diameters are equal.  the ratio of the photo-
electric readings using the two coilectors is the ratio of their respective optical couplings to the phototube.

Frg. 2-18 Pwo special gradiance collectors used durninyg micasarment of the

volime abisorption cocffionent Gl

This puge iy n‘ln’mhu'v(] at the
bick of the report by atfterent
n-‘nmhu'tinn wethod o }m)\‘nln
better detail,



Fig., 2-18.  Specinl irradiance collector mounted in a cover for
the mesasurement window.

Let P, and B’ be photoelectric readings (in the same reiative unit) when the two collectors are irrad-
iatad by projector producing cotlimated irradiance H'. Then,

P C, H and B C H

where Coand C - are coefticients of coupling for the plane and spherical collectors mspectively. Hence,

i ) 0
O F“ This pPage s geproduced  at the
back ot the yep b ) :
| . . ! port by o ditlevent
‘ duction pyethod 0
better detail. t P“’\“‘U

(2-7)

v Similarty, let B and B be the tespective photoelectnie readings when the two coliectors are arrad
tated by the distant sphercal tamp producing iradiances Hie o) and hiv 4). Then By Uyt 1) and

f’)_ t‘,h hir, 1), whenee




7

Y n

P —

—

Hir.+) Ry Cy

T om T (2-8)
hir,+) Ph CH
Combining {2-7) and (2-8),
H(r,+) P; P
= . (2-9)
hir,+) B P
Combining Egs. (2-6) and (2-9),
Pl P,
a K — —. {2-10)
Ph H

Thus, the measurement ot a is accomplished without measuring radiometric guantities in absolute units

and withour the 1oss of precision ordinarily associated with a derivative.

COLLECTOR REQUIREMENTS

The method described above for in situ measurement of the velume absorption coefficient requires that
cvery element of swea on the surface of the spherical col'ector have cosime collection properties.  Thus
difficult requirement arises because each point on the spherical surface receives radiant fiux from a unit

solid argle centered on the direction ((,5) of an amount (1 ¢/ &) fcos VA zud N d,0), where u s

is the angle of incidence on the surface of the coilector.
That is to say, each element of area must

the radius of the sphere and i The surface must
respond properly to this flux in order 1o yieid a valid answer.
coltect flux in a manner that is strictly proportional to cos i.

near grazing incidence.

This 1s not edasy 1o achieve, particularly at

large angles of imcidence, @ 2,

The total tiux received by the sphere trom all dnections 1s pa -'/;'n Nir A dQ mu hir o) and that
intercepted by the plane irradiance collector 1s a0 Hir. )" Since only the ratio of the outputs of the two
collectors is used, and since both of the photoelectric readings represent fls collected by the cnlore col

lector, the finite size™” of the collectors does net aftect the data.

S The surf ace of the plane tradbwes collector should also have cosme response, but the regquirements are fvss

severs because nearly all of the flux from the distant sphenrcal Tamp stoikes the plane ~ortace at small anele

of o wdence.

not tmyvolved here.

*rSphencal rendinee thy s




Preparation of the Collector. Great care was exercised in preparing and using the spherical collecting
surface. Many kinds of table tennis ba''s were examined. None were found to be ideal for measuring ab-
sorption because of three major faults: (1) The surfaces showed residual gless, particularly near grazing
incidence. Many balls even exhibited a faint trace of an internal virtual image. Surface treatments, de-
scribad below, improved the inatteness 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 ¢pecular 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 markei. The seam introduces a serious error in sbsorption measurements if the bull is mounted
with the pianc of the great circle seam parpendicular to the direction of the distant spherical lamp. 1his
is intiitively obvious when it is recognized that the difference between the collectien properties of the

spherical and plane collectors stems from the way the field of scattered iight ~'wraons arounid™ the sphere.

Any table tennis ball sclected 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 anly with gieves, The matte character of the surface can be
improved Lv roughening it with pumice or some other mild abrasive.

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

Other Tvpes of Collectors.  No known flat or spherical surface is peri ctly matte. Departures from
cosine collection properties at or near grazing incidence appear to be inevitable. The effect »f such de-
partures on the measurement of absorption coefficic..t are uncertain. Thus, the divergence relation method
for measuring absorption coefficient, while potentially free from approximations, is afl:cted bv this exper-
imental difficulty. The probilem cof cosine collection seems tc have becn well solved in the case of plane
collectors by the exposed-edge design described by Smith.™ It may be thai a sizeable, holiow, netal inte-
grating sphere thickly and uniformly studded with many tiny exposed-edge plane collectors would represent
a perfect spherical collector to witl ‘n any necessary limits of radiometric precision and accuracy. The
author has not yet had an opportunity to test this type of coliextor,

2.7 MEASURZMENT 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, particulariy to the appearance of non-matie sur-
faces. The directional distribution of any given underwater tighting (see, for example. Fig. 2-1) was e
swed by producing that lighting on the measurement window of the laboratory tank (or the underwater
tower) ane measuring the resulting underwater radiance disiribution with the Mark 1Y/ telephotometsr (see

Fig. Z-3) in the scanning mount shown in Fig. 2 20.

*Smith, B¢ A Underwater Spectral Irradiance Collector”” doumal of Martae Rescarch 270 30in),

Also see Aasting, R Woonnd Louderilk, R W, C“An Oceanogcaphie Hvanneneter” SICY Red as-1 1 Jely 18058,




Fig. 2240,  Visibility Laboratory Mark 1V Photoelectrie Telephotometer in scanning mount st the measuring window
of the laboratory tank. (1) One of sceveral interchangeable multiplier phototubes, (2) Wheel containing
glaus neutral density tilters (0.5 Tog steps), € Eyeprece mirror control Yever, (4) Kyepiece with ceticule
for anguluar measurements, (5) Foeus control with locking ring, (6) Vertical tilt adjustment, (6) Adjust-
able scan Himit stop, (8) Fine horteontal adjustment, (4 Coarse horizontsl adiastment, (100 Lead screw
providing horizont al translution of opucal axis, (1D Scale and pointer indicating horizontal angles,
(12) Vertical adjustiment of optical axis, (13 Elecetrieal attachment for remote control of scan snd syn-
chronized recorder, (14 Synchronous sean wotor with magnetic eluteh, €15)  Adjustable scar limit stop, -
€167 Arc of civeular treck centered on the optical window, (177 Mount for polorizer, (18) Strev highe
shield, (19 tdaineh diometer opticel glass msert i plastic window of the tank, (20) Interchungeable
field wtops, 35 to D08 e,

This puze is reproduced at the
back of the report by a ditferent
reproduction method to povide
better detail.




3. UNDERWATER LIGHTING FOR PHOTOGRAPHY

3.1 INTRODUCTION™

The optical niture 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 uysually of greater importance, the apparent contrast of underwater objects is severely attenuated by
scattering processes within the waier 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 tne optical nature of ocean water is included, considerable reiiance has been
placed on the reader to consult the referenced previous writings of the author and others. Interestingly,
the principtes which control underwater imagery are closely similar to those which govarn imagery through
tl.e 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 ard the hydrologic media will be brought out ir the course of the dis-
cussions which follow,

3.2 REFRACTIVE DEFERICRATION OF IMAGERY

Natural waters contain refractive nonhomogeneities of two kinds: One, small-scale point-to-point viri-
iations in the refractive index cue to tem, :-ature differences, and two, transparent hioiogical organisms
{ptankton) which may iange in size from microns to centimelers, from bacteria tc jellyfisti. The first of
these nonhomogeneities are also found in ihe atmosphere where they are often referred to as atmospheric
boil. Their etfect in iimiting the resclutior of astronomical and terrestrial telescepes and long fecal fength
cameras is weli-known. Ordinarily, the therma! structures in wate: are of hittle consequence becavse thei:
offect is ordinarily smal! corpared with that of the transparent biologica! organisms. Theue have no true
opticai counterpart in the atmo:phere becwuuse their refractive index matches that of water very closely,
whereas water Jdroplets in the atmosphere have & relative refractive index of 1.33 or more. The size of the
organic particles in water is so large compared with the wavelsngth of !ight that scattering is produced
chiefiv by regular transmission through the large particle. The consequent deviadions are very smell. Even

*Secticns 31, 3.2, 3.3, and 3.4 have been lifted almost verbatim from the author’s paper cutitjed “‘Ponciples of
Underwater Lighting’’ which appears on p. A-3-1 throngh A-I-7 in the Prooedings of the Semuner on Un erwater
Photo-Optics of the Society of Photographic Insirumentaticn Hugineers hold in Santa Darbarn, Californi: on 10 Oc-
toaber 19696
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after passage through several suci scatterers, imagery is not greadly disturbed except with respect to fine
Nevertheless, these refractive effects cause the adges of objects to appear blurred and the ap-

details.
Thus at ihe longer photographic ranges resolution is 1m-

parent contrast of §,nall objects to be reduced,
paired and fine details are obliterated.  An experimental study of this joss of re,olution was performed
several years ago at the author’'s Field Station at Diamond Island, Lake Winmipesauket, New Hampshire, j
It was found that

-

and a theoretical treatment was evolved, and is described in Appendix B of this report,
the angular magnitude of the blur increases as the sduare ruot of the object-to-obseiver distance and that
the appareat contrast of fine details is decreased inversely as the third power of *he 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 photogrophed underwater along a horizontai path ov sight in daylight.  Under the p: |
vailing lighting the apparent contrast of the grey malerial at a distance of five feet would have been ity '
with respect to the swrrounding water if a somewhat largsr piece of the material had been used, Due L. rhe !
small size, however, refractive deterioration of the image caused contrast to be slightly reduced ¢ven ¢,
feet and much more severely reduced as the object-to-camera distance was increased. In Fig. 3.1 ractan
gles have been drawr. to illustrate the argular width and apparent contrast which would have been ob-
served by a perfect camera in the absence cof any refractive effects within the water. The curves represent N
i experimental data sbtained from the photographs after corrections had been applied for smail losses in

It will be noted that even in

resolution attributabie to the optical system and the phctographic material.
the center of the image contrast kas 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 bas

heen reduced.
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Apparent contrast and angular size of a & ore
1/8-inch diameter gray disk photographed & ‘; ; N
] through 5, 10, and 15 feet of lake water. . \;
&
H / N
] / \
/ 3& N re N
[ RN VU A.(’ll}]lllb{Lll\‘.xl

MNUTE L OF ARC

The three rectangles in Fig. 3-1 represent the angular size and apparent contrast which would have
veen 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 232 in Appendix A. Refractive deterioration has produced an additional conirast reduction
f tactor wliich is displayed graphicatly by the difference in height between the rectangle and the curve. Ob-
The three Jdata in Fig. 3-1 are indicated by

viously, this factor increases with ohject-to-camera distance.
The resulting curve

three poinis on Fig. 3-2, which is & plot of apparen? contrast versus object distance.
k~s been extrapolated to longer object distances by means of the prninciple that refractive deterioration of
the image causes the apparent contrast of fine details te decrease inversely as the third power of the dis- -

tance. Thos, in this log-tog plot the extrapoiation 15 based upon a straight line with a slope of - 3.




tt is evident from Fig. 3-1 thai refractive detarioration praduced no appreciable effect when the 1/8th-
inch circular disk was closer than 5 feet from the camera. At this distance tne 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 plcited point, i.e., beyond an object distance of 15
There the object subtended 2.4 minutes. Obviously, curves for larger or smaller objects would form
Similarly, the position

feet,
a reqular family on Fig. 3-2, lying raspectively right and left of the curve shown.
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 fleft from the

curve shown.

A means for assessing ihe practical consequences of refractive deterioratior 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 @,
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 cortrast reduction
near the center of the disk and, Jdespite the slightly blurred edge, would have no effect on its visual de-
tectability. in this case the large disk would be visually detectaple at about 20 feet in the water to which
Fig. 3-3 applies. !n the case of the 1/8th-inch diamneter circular disk, however, small angular size makes
wnore apparent contrast necessary tfor visual detection. The shot dotted lne in Fig. 3-3 indicates the con-
trast recuired 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, howaver, detection is possible at onlv 11 feet as irdicated by the intersection of
the dotred threshoid curve and the lower solid line. Althcugh this examp!e refers to visual detection, it
remains only to substitute the threshold curve for #ny photograph:c sys:e 1 order to make a correspond-

ing prediction of the rang= performance of that syst2m.
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Finally, it must be pointed out that the effect of refractive deterioration on underwater imagery does
not depend upon the nature of t™e underwater lighting. That is te cay. the curve in Fig. 2-2 will be the
same whether the object ‘s illuminated artiticially 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
iength, a measurable index of water clarity. (See Appendix A, p. 218,) The inclusion of a scale of object
distance in units of attenuation lengih implies that the data in Fig. 3-2 are applicable to other natura!
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 betief that pulsed blue-green lasers for underwater use, when available, would prodiuce
beams ~aving approximately this divergence. This has proved to be approximately true.

3.4 APPARENT CONTRASY OF ILLUMINATED UNDERWATER OBJECTS

The desigr: of underwater iiluminating systems can be stud’ed 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-gicen lasers used in the experiments described in tnis report and that produced by conventiona!
sources, except due allowance for tne 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 lazer (see Sections 5 and 6) has not been found to exhibit appreciabie
coherent properties. It is best regerded 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,
Fur example, cbservations ‘See Section 5, Fig. 5-7) of the fractional polarization transmitted to various
object distances from & linearly pola-ized, broad-beam incandescent source show that at four attenuation
lengths, where 90% of the arriving light has experienced one or more scatterings, 9G% of the light 1s still
polarized. At cn observation distarce of 20 attenuation lengths, when less than one part in a milfion of
the tight arrives without having experienced a scattering, 82% of the light is still linearly pofarized. Thus
it is important o remember that the reflectance anc scattering properties of objects associated with po-
larized irradiation must be used when the underwater blue-gre w iaser is the rradiating source,

It is also important *o 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 tight from the underwater blue-green laser 1s identical with the volume-scattering
function for blue-green tignt from an incanduzscent projector when equipped with a linear polarizer. (See

Section 2.5)

3.4




e e AR e

(alculations of the apparent contrast of underwater objects irradiated by any kind of tighting are
based upon the same set of equaticns 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 enually well to the underwater case, and for every kind of tighting, natural or artificial, uniform or
non-unitorny, 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 undeiwater light source is iocated close beside a
camera so that both may be regarded as being at the snme 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, bui a length A of
path near the lens is outiside the beam, as shown in Fig. 3-4. Each element of volume of length dr lo-
cated at r alorng the path of sight is irradiated by the source. Its apparent radiance as seen from the
camera is

dN = gde™@r [r_ze"‘” + ¢, Krle™® 4 CZKr“‘e'””J dr,

according to Ea. (5) on page 222 of Appendix A. Here, o is the volume-scatterin, function for the water in
the direction specified by the geomestry of Fig. 3-4.

~
™~ dr
CAMERA S £
e—
\\
e R
™~

Fig. 3-4. [llnstrating geometry of underwater lighting for photography.

The constants ¢, . 2.5/4r and ¢, = 17.5/4n. The apparent radiance of an entire illuminated path ex-

tending to infinity is:

oo o b
P . 1@ +K) Ry
N:MTUJ;/ r2e2‘"dr+clf\/ p e ¢ dr+C2K/ rle((lQZK)drs
o A
A A

N% T oA B, [24A1 + ¢ KE, Lia v K)AT + ¢ ,KE [l s 20ATY  0dA TET(A) .

A,00

where E [(x+KYA], and E [ (a i 2K)A] are exponential integrals for which tables are available.””
2[2(1/\], EI ’ 1

“;ugrt Q l;untrl;'y; Vglé;(:r;ut-lin(~ I. Gordon, John H. Taylor, Carroli T, White, Almenan R. Boileau, Jonn K. Tyler,
Roswell W. Austin, and James . Harns, Applied Opties 3, Eags, (6.3, (6.4) (6.5), 579 (1964).

** Abragmowitz, M. und Stegun, 1. A, Handbook of Muathematical Functions Nat. Bu. Stds. Appl. Math, Series 50
(1964) p. 238 ff.
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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, inheient contrast is a simple

i function of the ratio of directional surface reflectances, but in the examnle chosen for illustrative pur-
poses in this aper, the object appears against a water background. Thus,

pH.
Co v -1,
N
1 where » is the directional refiectance of the object.

The foregoing concepts, Gata, and equations contained i or referenced by this section provide a
means for optimizing underwater fighting and for predicting the performance of systams in terms of the ob-

servabie optical properties of natural waters,

!
3.5 MEASUREMENTS OF APPARENT CONTRAST
4 The apparent contrast of a planc test surface lighted in a manner similar to that specitied by Fig. 3-5
was measured at the Diamond Island field <tation in 1964; (¢oe Tuble 3.1), The experiments employed the
underwater steel tower and track shown in Fig. 4-15,  The test surface was a square steel piate 1.6 feet
h

-6




on each edge. It was coated with a matte gray paint having a submergea reflectance of (.38 when n.a-
sured in green light determined by a Wratten 61 filter. The plate was carried by the steel cart that trevel-
ed the underwater track, as shown in Fig. 4-10. The painted surface was vertica! 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 measuremert window along the axis of the underwater track to the center of the square

test pane! 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 expeiiments 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 ot 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 iighting 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 famp box) was placed directly above the center of
the divided circle. Thus, the axis of the 20° cone of light couid be aimed in any horizontal direction. A
setting of zero degrees on the divided circle made the axis of the cone of light paraliel to the underwater
track. Thus the value indicated on the divided circle was the angle 6 in Fig. 3-5.

The positions of tlie lamp and the test surface could be freely varied along the underwater track. As
shown in Fig. 3-5, the lamp was offset a horizonta! 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 - 1560 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 {refiectance 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 tes. surface. but in
each case the position of the axis of the cone is specified by the angle (). Apparent contrast is affected
by the uiming 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 hghted water path through which the tetephotometer

must look, i.e., the “‘common volume ™ sharea by the illuminating and viewing systemns.

3-7
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3.6 POLARIZED UNDERWATER LIGHTING

Crossed polarizers profound!y increase the apoarent contrast of the test surface, sometimes by an
crder of magnitude. This is accomplished, however, by a considerable reduction in light, because the ef-
fective transmittance ot two polarizers in practicel cases, is approxiv ately 0.0 even if the test surface
is a complete depolarizer. This is illustrated quantitatively in lfahle 3. . For example, calculations based
upon the first entries (X - 1, Y 6", Z 3') in Tables 3.1 and 3.2 show that irsertion of the crossed po-
iarizers lowered the radiance of the matte test surface by a factor of 115 (cniefly 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 **s background
It is important to note that the test surface must depolanze in order to

was increased by a factor of B.
produce a gain in apparent contrast when polarizers re used.




The use of single polarizers on either the light source or the telephotometer (camera) produced no
Polarizers oriented to produce linear light with its E-vector vertical

significant gairi in apparent contrast.

gave somewhat better results than with the E-vector

horizontal in sone geometries,

No circumstance fa-

voring a horizontal E-vector was found. Trials with circular polarizers failed to demonstrate any superiority
from the standpoint of contrast enhancement over linear polarizers.
circular polarizers that no “‘crossed’’ relation must be maintained.

It is a great practical advaniage of

Table 3.1. Apparent Contrast of Gray Test Surface. (Submerged Reflectance = 0.38) (Green Light)
Z=23 Z=6 Z=9
é 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 4.5 2.99 224 2.99 30.0 2.28 242
19.5 4.75 6.95 3.39 4.90 2.71 3.96
Y=9 4 9.19" (53) 8.15 49.0 5.32 32.0
X=15 9.5 2.31 (11} 1.57 10.5 1.40 7.91
19.5 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 (.82 { 4.8) 0.86 4.74
19.5 1.70 { 3.0) 1.40 2.80
Y26 16.5 24.0 ({170))
X=2 26.5 £.87 {({ 374
36.5 3.46 3.46
Y= g 16.5 22.4 ((150))
X =45 26.5 4,50 {(( 38))
36.6 3.25 4.26
Note: 1. Asterisk {*} indicates that ¢/ 0 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.




Table 3.2. MBpparent Radiance of Background (Test Surface Removed; Relative Units; Green Light)

z-=3 Z=6 z=9
S g '
g No Crossed ! No Crossed No Crossed
Degrees | pglarizers Polarizers y Polarizers | Polarizers Polarizers Polarizers
Y=6 4 [220x107% | 24651075 | 1.76 x 1073 | 2.09 x 1075 | 8.42 x 1074 | 1.12 x 1075~
X=1 9.5 3.31x107% | 331 x107°1263x1073 263 x107°1209x1073 | 161 x10°5
19.5 468x 1073 | 4.47x1075 1 3.47x107" | 355 x107° 228 %1079 | 2.24 x 1075
Y-9 4 4.47 x 10“5* < 10‘5“ 955 x 107" [ 1.23 x 1078 | 166 x 1073 | 9.77 x 107¢
X=15 9.5 1.18 x 107¢ <1078 .41 x 1077 | 1,79 x 1073 | 8.71 x 1074 1.29 x 107%
195 1.82x 1074 214 x1073 [ 2.3 x 1073 [ 1.45 x 1073 1.70 x 1073
y=12 4 276 x 10787 <1075" <1078
X=2 9.5 7.59 x 1075 <1075 1.10 x 1073
19.5 1.35 x 1074 <1075 1.66 x 1075
Y=6 16.5 2.88 x 107°% <1073
X=2 26.5 477 x 1075 <107°
36.5 5.01 x 1078 <107%
Y=9 16.5 1.1 x 1078
X=2 26.5 3.47 x 1073 <107% {
36.5 4,90 x 10753 I
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 date may also contain systematic non-
linearities of this magnitude.

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

3.7 MAXIMUM RANGE OF UMDERWATER {MAGERY

One of the most surjrising tacts about underwater lighting

reaches a distant object than 1s usually predicted.
form spherical tamp is lowered at nigiht directly beneath & downward-fucing long-lens anderwater camera

in clear water having an attenuation length of b meters.
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is that at tong range much more hight

Consider an exneriment diagramed in brg. 3-6; ¢ uni-
4 g

The lamp :s photographed at 3, o,

9 and 12 at-




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

e

by a glow of forward-scattered light. Because of attenuation, the exposure reguired
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

(&4

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 iight and the scattered light
pass through the fens but are separated in the film plane. Measurements in the film plane can, therefore,
vield separate values of the two components of irradiance. {f, however, the camera were 1o be replaced
by a flat photocell facing the lamp, total irradiance would be measured. The solid curve in Fig. 3-7 is a
piot 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 scen to dis-
appear into its own glow, In the case of direct underwater vision this occurs at about 15 attenuation
lengths in afl ciear ocean waters. The use of much more powerful lamps produces only a stight increase
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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 tiken
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 atienuation length
from the camera. [t is easy to make good underwater photographs at this distance, as in Fig. 3-9, whizh
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 techrique produces acceptable photo-

graphic quality.
This page is reproduced at the
back of the report by a diferent
reproduction method to provide
better detail.

Frg, 3-80 Schematic plan view of anderwator
camera ad nearby Lamp wradiating
o osabject one atvenuation lengti

from the lens,

Fig, 39, Moored dummy  swinmiers  photo-
kraphed as shown i g, 3-8,

At Tonger inderwater ranges the quality of underwater photographs marde with cameras having attached
lights are senously degraded by scattered hight within the volume f water which 1s common 1o botls the
viuminating and viewing systems; oG that part of the path of sight wirch s ilghted by the lamp, Sue-
cesstui Tong range underwater photogtephy requires clhinmation of scatiening within the commaon colume.
Three technigues are commonly used Lo suppress common volume sca'tening. hwo of these aids are hus-
teted by Fig. 3-10, inownich the diagrem on the iett represents the unarded condition weth the objpect at 2
sttenuition lengths from a camera having an attached or nearby hights In the conter diagram, o hight shield
Of seplum has been added o shield most of the path of sight trom diveet hight from the Famp . in the dia-

gram on the night the lamp has been oft-set 1o the side 0 g consicerable distance The entire path of




sigiht is still airectly ifluminated, but no part of the paih is close to the iarp. Both inverse squure law
and attenuation by absorption and scattering operate to avoid tha intense lighting of the water close to
the camera lens; 1t is this brightly ligihted water which contributes most to contrast loss in the unaided
lignting arrangement “hown in the left diagram. Offset of the lamp may be to the rear of the camers as
weli 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 comuensate for the longer lamp to cbject distance.
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Iig. 3-10. Mlustrating two methods for improving underweter phetography by reducing the lighting
on the water close to the lens. l

A third aid in reducing common velume scattering is provided by crossed polarizers. Both the lamp 1
and the camera must have polarizers and ithe object must depclarize in the process of reflection in order
to be photographed. Abscrption of light by the polarizers reauires 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 iliustrates the etiects of the various modes of light-
ing discussed above on short, medium, ard long range underwater photogr ohy. Photography at 2 attenua- ;
tion lenigths is shown by the three pictures on the top row. The figure on the left shows the lighting !
geometry for the first and secend pictures; the geometry of the therd picture is shown by the center dia-
gram in Fig. 3-10. Consider first the unaided photograpt, on the left. It will be noted that the lamp irradi-
ates the water rath between the camera and the swimmer. Scattered light throughout this wats: path is
added to the image forming fight from the swimmer and serves to lower the avatlablie contrast. An obvicus
mechanism for Luppressing the effect of scattering in vhe water is through the use of crossed polarizers.

The second picture shows what can be achieved by means of placing a 'inear polarizer on the light scurce

and a crossed iinear polarizer on the camera. The background is darkened and the apparent contrast of the
light poruons of the swimmers is improved but it will be noted ti:at the dark suit and dark trunks are bare- {
ly discernibie. 1 s, actually more information concerning both swimmers bui particularly the lower swim-
mer can be obtained from the fewser contrast picture on the teft. Another, perhans better, way of improving
the mmagery 1s 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 1mages appear highoer in contrast than in the 1

unaided picture put the details of the dark suit are still visible.
3

Phovography at 3 attenuation tengths is shown in the mididle row of images of Fig. 3-11. The long path
of Ly aed water between the camera and the swimmers has drastically reduced the contrast in the case of
the unanded tightinge depicted on the left.  The second picture from the deit itlustrates the effect of polari- 4
1zers.  An opague partition or septum was used in making the third photograph, and the final picture on the
nght represents the use of both the septum and the polarizers At this range there 16 an obvious need for

some mded photographic technque. The third picture, made with a septum s best at this range.

BT




At 4 attenuation fengths 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, buat lack of de-
polarization by the dark suit of the lower swimmer seriously impared this imagery compared with the

photograph in the septam column.

At % attenuatton iengths no image was recorded by cenventional lighting, but something wis achievad

by lateral separatinn of the lamp from the camera by several attenuation tengths. Such an off-set is not

alwiys practicable but if 1t can be done in the manner stiown in the diagram in the top row in Fig. 212,
imaguery sutfizient 1o detect the presence of the swimmers can be achieved, as shown in the first{unaided)
picture.  The reason for this improvement s obvious:  The lighting on the object is not much reduced by
offsetting the position of the lamp relctive to the camera, but the lighting on the water immediately in front
of the leas is reduced greatly. This reduction in the veiling glare ot lighted water enables the swimmers
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to be scen faintty,  The aid given by crossed polarization or by the use of & septum was less dramatic
with otf-set lighting. Neveriheless, the pictures obtained with these techniques at b attenuation tengtns

are comparable in quality with those sccured at 4 attenuation lengths without off-set.

At 6 attenuation lengths useab'e results were not obtained uniess the famp 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 scattored tight and to darken the
background; the photographic quality s comparable with the best result obtainerd at 3 attenuatio lengths.

The final picture in Fig, 3-12 was taken at a distance of 1. uttenuation lengihs. The lamp was near
the monred dummy swimmers and a carefuliv adinetod septum darkened the common volume as much as

possible.  Crossed linear poiziizers were tsed o both the amp and the camera,  Bven so, thers was a
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aoticeable loss of contrast because the object is stightly veiled by the forward scattering of its own re-

flected light. Contrast enhancement in processing can avercome the minor loss of contrast, however, and
ac ad quality pictures can be obtained.
It is to be remembered that this distance corresponds to 120 meters (394 feet) in
averoge cloar ocean water (1/a 10 meters) or to 240 meters (787 feet) in exceptionally clear ocean
water {1/« - 20 meters). The principal purpose of rig. 3-12 is w0 illustrate that long range underwater

photography i5 possible if the lignts are close to the object and if adequate exposure can be provided.

An enlargement of the picture made at 12 attenuation langthsis

shown in Fig. 313,

There is, however, a limit to the photographic range which becomes apparent at slightly greater dis-

tances. Even with unlimited exposure, self-luminous cbjects in otherwise unlighted water disappear in

their own forward scattered light bevond approximately 16 attenuation lengths,  Contrast enhancement ex-

tends this Himit ontly slightiy.
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Fig. 3-13. Euwlargement of the lower right photograph in Fig, 3-12, showing dumnmy swimmers moored
12 attenuation lengths from the cameva.

3.9 EXPOSURE REQUIREMENTS

The range of underwater photography in terms of attenuation lengths is ordinarily limited by the avail-
able photographic exposuie  One purpose of the equations given earlier in Sectinon 3 is to enable exposure
requirements to be calculated. The photographs in Figs. 3-11 and 2-12 were made at model scale in a
laboratory tank with a Nikon camera containing Kodak Plus-X filmi and equipped with an F/2 lens.  The
lamp was a G.E. Type DVY. At distances »f 1 or 2 attenuation leagths the exposure times were smail frac-
fions of a second, but at 5 or § attenuation lengths saverai minuies of exposure time was reduired. A time
exposure for several hours was needed in order to obtain the picture at 12 attennation tengths.  Althuugh
fong exposure times are feasibie in the case of dummiss moored in a tonk, they are not available in the

ocean with iive objects and a mobile camera.

It must be remembered that very long range underwater photography requires not only lurge exposure
but also that the object be seli-fuminous or lighted w an equivaient warner by having tight only immedi-
ately adjaceat to it,  The latter option might seem to be hnpossible in most instances, yet this is exactly
what is hoped for by those who are building systems using pulsed tasers for underwater imagery.  Many of
these lasers produce pulse durations of only a few nanoseconds. A ° ser pulse of 4 nanoseconds duration

produces a train of fight only abut one neter long. When this light arrives & the dhpuct ail of the wator
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closer to the camera is dark and the situation should be quite similar to having a lamp within 4 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 racorded in otherwise unlighied water is approximately 15 attenuation lenaths. Beyond this dis-
tance the image becomes indistinguishable because of forward scattered ltight from outside the edges of
the object. A siihouette photograph of a dummy mocred at a distance of 12 attenuation lengths in the lab-
oratory tank is shown in Fig. 3-14. The exposure time was several hours.
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Fug, 314, Silhouede photograph of a dummy swimmer moored 12 attenuation lengths from the camera.




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 monachromatic 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 pcwer of a megawatt or greater.

There were perplexing doubts about possible nonlinear interactions between laser light and water. |t
was questioned whether the propagation of non-coherent iight 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? {t 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 Jasers. 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 coliimated small beams of in-
candescent light in water was most wise. It is riow known that none of the effects enumerated in the pre-
ceding paragraph have ary significant existence with respect to the performance of 1964 -66 underwater
lasers, whether steady burning or producing twenty-nanosecond, megawatt puises. We have no evidence
that the propagation of coherent light differs significantly from that of non-coherent tight. 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 fevels 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 asscciated with high powered pulses having durations comparable
with the lifetimes of atomic or molecuiar states and transitions, but these complex chenemena do not, for-

tunately, seem to concern those using 20 nanosecond puises.

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
puises provided that ail geometricat 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 coliimated 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 !ater in this section are applicable to per-
formance of lasers, but even if this had not proved to be true the wark 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 equiptsent 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 tight 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, typtcally, 1/2 inch (12.7 mm).
1 Allowance should be made, it was said, for beam diameters as great as 50 mm. An incandescent projector
was designed to ineet 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-
Jﬂ 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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‘1 Fig. 4-1. Collimeted incandescent underwater projector. See Fig. 4 on page 216 of Appendix A. Wooden
§ case houses four sizes of concentrated-arce 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
P beam diameter was reduced by the use cf 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. Telephotornieter (See Kig. 2-3)
fits in V-olocks on the right. This page is repraduced at the
back of the repot by a different
h reproduction method te provide

botter detail.




tree on some far-away hilltop, before being vlaced 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
lock comfortably at the image of the arc crater formed by the system. !de then adjusted the position of the
zirconium arc to procuce the sharpest image of the crater. This collimated the lamp. Once the adjust-
ments on the subassembly were locked, the assembly could be remon 3d and reinserted freely without re-
quiring re-collimation. vhus, the four lamps in their respective subassemblies could be eastly interchanged.

Mounting Requirements.  Previous experience, gained at Diamond Island during the summer ov 1360
witn an underwater projector producing a beam having a spread of 43.5 milliradians (2.5 degreas), showed
that the mounting for a highly collimated underwater iamp must be very stable and must have precise point-
ing controls., Attempts in 1960 to use the 43.5 mr famp from a floating support demonstrated that such
supports are useless. |t was clear that both the projector and the measuring equipmant 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 emploving the highly coitimated 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 corcrete 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 1o 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
4F level of the lake, depending upon seasonal differences in lake level. Pumnps werz used to remove the
water from within the cylinder so that it could b2 occupied by the experimenter with his apparatus. A tem-
porary wooden shelter was constructed on top of tne 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 footbridye was construc:ted beiween the boathouse and the top of
the concrete cylinder to previde easy access. Figure 4-3 shows a photograph of the completed facility.
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Fig. 4-3. First underweter tower at Diamond Isl-nd, 1961.
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Accass to the interior of the underwater tower was by means of a ladder, &s 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, siown in Fig, 4-5. was made of Plexiglas 1-1/4 inches tnick. Because this
material showed birefringent patterns in polarized light (e.g., when used betwean crossed polarizers) a
central insert of high quality, strain-free, optical glass 4 inches ia diameter and 3/4 inches thick was pro-
vided. It is seen in Fig. 1-5, surrounded by a brass mounting ring.  Ali telephotametry, 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 weore proportional to the irradiance incident on the outer surface of the
ditfuser.” A thiu, blackened metal cover having a small central nele could be attached tc the outer sur-
face of the diffusing disk in order to limit and define the area of the disk used for the irradiance

measyrements.

Fig. 4-5. Iuterior »f the underwater
winaow. Undorwater curt
is 1aintly visible beyond
the window.

Fig. 4-4. Interior o the first underwat~ tower.
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MOUNTING THE UNDERWATER PROJECTOR - etter detail.

1t was essentiai thae 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 fake. It was attached at one end to the outside of the concrete cylinder
2 feet below the center of tlie measuring port or 4.5 feet keneath the water surface and 7 or 8 feet above
the take bottom. 1t extended away {rom the underwaicr 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-
rectiors, The cylindricel underveater observation “room’’, referred to as an underwater “‘tower’’, was situ-
ated at the west end of the track.,  The highly coliimated underwater projector was carried aleng the track

¥ See ol 4- & for refinements of this techniyue, wad discussion of the requiremsnts to be met in order to
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by a four-wheclied cart fabricated of square-secticned brass tubing, shown in Fig. 4-6. The cart could be
pushed along the trestie and clamped n 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 ceuld be rotated in a horizontal plane about a vertical axis passing through the second nodal
point of its lens. The contrc! for this rotation was brought to the water surface by means of the vertical
cotumn 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 scmewhat tne shape of a clothespin, Fig. 4-6, enabled the direction of the light beam to be set at
known angles. A tangent-screw inechanisn. for fine horizonta!l 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 ti.e sector plate in Fig. 4-6.

The iight beam alsu needed to be aimed preciselv in a vertical plane. in order to accomplish this the
lamp was pivoled about a horizontal axis located several inches from the iens (see rig. 4-6). Small verti-
cal displacements of the iens then provided vertical aiming of the light beam. The control was a knurled
whee! which may be seen clearly in Fig. 4-6 at the top of the control column. This wes attached to a
threaded vertical shaft which exiended 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 accurateiy 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 puliing up on this rod the operator cculd
release clemps just behind each of the two front ro'lers; the cart then rolled easily along the underwater
track. Releasing the rod caused the clamps te lock tne 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 reeaing (underwater) the position o1 the cart by means of a steol tape fastened
to the center of the track, as shown in the underwater photograph, Fig. 1-8.

Spherical Lamp. The cart also carried a 1000-watt spherical lamp fo: use in water clerity measure-
ments by means of the techaiques described in Sections 2.5 and 2.6. In Fig. 4-9 the spherical tamp 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 handl2 was intended to protrude through the water surface.

POSITIONING THe PROJECTOR

Unprotected swimmers had sutfered greatiy from cold during the night experiments in 1059 and 1960.
It was desired, therefore, to minimize or eliminate the need to use a swimmer for moving the narrow heam

projector along the track and to a:m in."

The above-water system of controis for the narrow beam projector was devised to eliminate the need
for anyone to enter the water. A peir of assistants in a rowbeat could move the cait along the track, clainp
it at any selecred lamp distance, and adjust the light beam to the center of the mensurement window by
means of voice commands shouted by the experimenier inside the underwater tower or relayed for ham by

* Solf contwned underwater brenthing poparatus (SCUBAY was unknown at Diamond Istand 1in 1961 and wet suits

for thermal protection were receiving their first trinls,
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Fig. 4-6. Underwater cart and collimated Fig. 4-7. Underwater cart and collimated
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Fig. 4-8.  Underwater track a8 seen through Fig. 4-9. Underwater cart with 1000 watt
measurement window and under- spherieal Tamp.
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someone at the top of the tower. Thereafter, upon command, the assistants could rotate the light beam to
any of the horizontal ang!es identified by the notches in the sector plate. On calm, quier nights the row-
boat technique worked fairly welf. Unfortunateiy there were very few calm, quiet rights. Some good data
were produced (with the heip of swimmevs), but the entire instaliation proved to have many shortcomings.
These were corrected in 1962 when the second underwater tower and track were construcied.

THE 1961 DATA

The results of the experiments at Diamond Island in 1961 were published ir, the paper entitled “‘Light
in the Sea,”” which is reproduced as Appendix A of this report. The 1961 results are on pages 218 to 22%
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-
icus shortcomings, Drastic improvements were needed before the research potential of the highly colli-
mated incandescent source could be reatiz:d or before meaningful explorations could be made of the prop-
erties of underwater lasers. The shortcomings of the 1961 equipment had a profound inffuence upon the
¢sign 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 Isiand. The changes and the im-
praved equipments are described in the follewring paragraphs.

DEPTH OF THE EXPERIMENT

The first urnderwater tower ~as desig.ed to place the track and cart ciose enough 1o the water surface
for the lamp controls to protruce in'n the air where they could be operated by an assistant in @ small row-
boat. The optical path for the ligt. ban was chosen to be only two feet beneath the water suriace and
the controls were built accordinigly  Curing the construction of the concrete tower, however the measur-
ina port was placed such tha: he uopth of the lighi beam was abcut 2.5 feet. Thus, none of the control
handles protruded above the water surface. This made the operation much more difficult thar: 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; swin mars operated the lamp controls.

The existence of the control handles just below the water suriace was detrimental because motion of
the water due to waves produced forces on these parts that moved the projecior and the Lhight beam errat-
ically. During a dishearteningly large part of the time the projector vibrated toc much to enable data to be
taken, Vibration becare more serious, of course, when the collimated lamp was near the outer end of the
50-foot track. Even on wights when work could be done, there were ofter 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 anc 1t was ditficult to maintain the moraie of tired men whils waiting for the wind 'o
die down. It became ohvious that the shallow technique was impractical, especially for the future lenger
range underwater laser experiments. It was obvious that the facility must be reconstructed 5o thiat (he ex-

perunent could bz performed at a greater depth. The discussions were of an “all weather’™ capabiiity.

Study of varivus interacting requirements resulted i a decision that the new installation woulid place

the beam from the collimated famp or the jaser 6 feer beneath The surtace and 3 foet above the underwates
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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 demh in the interest ot swimmer performance. it
was obvious that future experiments would require the continuni:s 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 piace 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 1361 was about 5 ft/In. Although dark-painted rafts or floating cur-
tains were to be used in order to eliminate the mirror-tike air-water surface, it was nevertheless desired to
have all solid reflecting objects located as far as possibie 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 1.5 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 iocation for the conduct of optical experiments underwater. Any light field
is virtually unperturbed by hotton 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 iight beam was extremely difficult and time consum-
ing, particularly at the longer cart distances. Much of the difficulty resulted from the use of vscice com-
munication between the experimenter in the underwater room and the swimmer who attempted to foilow his
instructions. On most occasions the noise of wind and waves made it necessary for directions to move
the beam un or down, toward the island or away from it, 10 be reiayed by someone at the top of the tower.
Every alignment of the light bzam 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 iamp control was built in 1962.

Remote Pointing Conirol.  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 wheelc
on each side of rhe cart enabled it to be clamped rigidly to the flanges ol the track. A heavy vertical
steel column extending through the top ptlate 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 colunin.  This rod terminated in a small white
ball which engaged a spring clip just beneath the projection lans.  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 1o be inclined slightly upward of downward.
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Fig. 4-10, Collimated underwater prcjector on second underwater cart,.

Prcvision was made for the remote insertion and removal of an aperture stop for the projectar.  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 rotay solenoid with its axle protruding forward toward the tower.

This axle carries an arm. visible in the photograph, bearirng an interchangeable aperture stop. A switch
at the lower center of the contro! panel enabled the experimenter to insert or remove the stop at will. This
was an important capability withcut which beam alignment at leng lamp distances would have beer impos-

sibte, for at iong range the redvced beam passed by the stop 1s usually impossible to see until after it is

precisely aligned with the eye of the ob:erver,

The mechanism for accomplishing these motions was mounted to the top plate of the watertight com-

rartment of the cart. 't is shown in Fig. 4-11. The horizontal votation enabled the beam to Le 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 istand. A selsyn system sensed this rotation and indicated the directicn of the light beam on a
2

large dial on the experimenter’'s contro: panel, shown in Fig. 412,

Rate countrols were provided on the control paael 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 auxiiiary motor which operated the J
azimuth drive through a differential to provide a super-siow azimuth centrol tor very fine pointing accuracy.
This was essential at very large famp distances. in the new configuration, 260 fest o track was avoilable.

Py

Fig. 4-11. Intermal mechaniem of second Fig. 4-12, Control panel for = mnte control mechanism in the 3
underwater cart. anderwater cart.
The wiring diagram of the cart control system is shown by Fig. 4-13 and the rear of the controi panel
is pictured in Fig. 4-14, This page is reproduced at the
back of the report by a different
reproduction method to provide
. better detail.
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Fig. 4-14. TItear view of the control panel in Fig. 4-12.

MOVEMENT OF THE CART i

] 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 cabie ran from an clectrically 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 pu!-
ley at the far end of the track. The cable returned to the tower along pulieys undernesth the track and was “{
attached to the drum. Thus, the cart couid be pulled to or from the tower depending upon the direction of
rotation of the electric motor which turned the drum. Sgring operated clanps held the cart rigidiy to the
track unless they were released by activating eleciromagnets 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 hardling of the many heavy elecwurical cables which were attached to the cart. Fouling of the ]
s ciables 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 manripulate the 4

electrical cables. This risk was needless since the swimmers could move the cart and handle the cables
‘ simultaneously. Thay could also change stops, clean glass surfaces,” and assist in beam alignment at
long tamp distances.  For all of these rcasons the power drive for the cart was dismantied 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.

4 APPLICABILITY OF DiAMOND ISLAND IRRADIANCE DATA TO OCEAN WATER

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

* It was necessary Lo clean all glass surfaces o contact with lake water at three-hour intervals or oftener to nsure
that no errors 1in Light measurement were caused by the accumulstion of organic material on those surfaces.

** AL very long lamp distances (beyond 15 atteonuation lengths) the light besun from the projector, even at full 50 mm
aperture, was not visible unless it entered the eve of the experimenter. A swinner ot mdrange could see the beanm
casily and position himself i, A battery operated electrie hight bulb fastened to the back of the swimmer”™ head +

4 by attachment to the strap of his faee mask could be seen by the experiienter, who operated the remote controls for

pointing the projector until the swimmer was Jdirectly in front of the observation window, The swimmer next extin-

guished dis famp and moved aside. The bean from the projector was ther fsaibie to the experiaenter, who eould

center it on the measuring aperture. Precise aligneent of the projector at distances up to 256 attenuation lengths

was achieved by this technigue .
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to speculate on the possibility that the i{ike data could be translated ousatitatively 10 the vcean enviran-
ment. The studies of farward scattering, including very small angle sceriaring, made with the first tower
and track in 1981 (see pages 218, 219, and 220 of Appendix Al lad ta the balief that translation was pos-
sibie with respect 1o irradiance on axis if certain geometrical scating sequirements were met. The require-
ments are described ;o the following section,  This pessibility was desmed 1o be 8o tmportant that 1t had
a major influence on the design of the second generation equipment and on e conduct at the experiiments
with the collimated incandescent projector in 1862 and with the submarged tusers in 1364 and 1965, Un-
fortunaiely, the first neodymium-doubled underviater green lasars produced beams 1hat were 4o irreqular in
shape, in power distribution, and in reproducivility from pulss 1o pulse that litrle or no true signiticance
attached to measursments of “‘irradiance-on-axis.” Evol .tion of community interect, moresver, soon moved
away from irradiance on-axis and towara toial taser power delivered to surfaces '@ ger than the geometnical
size of the light beam. Thus, the spreading of !aser beams by passage througt: wates and the distribution
of irtadiance oif-axis were vhe center of importance, The taser beam sorgad < periments in 1966 made
clear the cruciai role of absorption in determining the spreading of collime zd beams of iight 1n water,
This discovery eliminated any hope of applying off-axis irradiance data from the ake to ocean water, (See
Section 7.) Even on-axis irradiance by a circularly symmetric beam must be at‘ected somewhat by beam
spread, so that geometrical scaling is a necessary but noi a fully sufficient requi ement for translation be-
tween highly Jissimilar types of water. Although sec*ion 7 of this report describe< a much better approach
to securing laser data applicable to the oceans, the principle of scaling is fully described in the foliowing
section of this report because of its infiuence on the design of the cecond gensration equipment and the

manner of its use.

THE PRINCIPLE OF SCALING

The conclusion {see Figs. 9, 10, 11, and 12 on pages 219 amu 220 of Appendix A} that the yuolume
scattering functions of Lake Winnipesaukee and of most ccean waters are remarkably similar at gcattering
angles iess 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 ali distances arg exnressad
in attenuation lengths and if the iight beairs are geometrically similar in the lake and in the ocean; that
is to say, if all ot the scattering angles involved are the same in beth cases. 3o far as the non-scattered
phatons which form the residue of the light beam at any disvarce are concerned this geometrical require-
mant is met if the ratic of the diameter of the collimated beam used in the lake to the diameter of the col-
limated beam used in the gcean is the same as Lhe ratio of the attenuation length in the lake tc the atten-
uation length in the oczan. The attenuation length o tne lake in the green region of the spectrum center-
inc at 520 nm, where all of the measurements wore made, was about 5 feet in 1961. The attenuation length
of the cleirest ceean water at this wavelergtl: is the order of 50 feet. The principle of scating raquires,
therefore, that the lighh beam emitted by the underwatet projector or the underwater laser at Diaimond Is-
jand must have one/tenth of the di:meter of the beam emitted by an underwater laser used in clearest

ocean water,

in 1961 and 1962 there were no greer lasars for underwater use 1lthough work to devise such equip-
ment was in progress. The auihor was advised to assume that the beam of light produced by an underwaier
green laser for use in the oceans wonld be 172 inch in diameter. The requirement for scaling ac Diamond
istand meant that the cottimated p-ojector must emit a heam of vight 1720 of an inch i diameter . oroes
to simualate the performance of the assumed laser in the clearest ocean water.  f the ocearmc average at-
tenuation length at 530 nm is 26 feet. it follows that the giameter of the vear of Light ermitted by the
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sarcow boam souvce ot Diamand 151and should be 1/1G inch in order to simulate the performance of the as-
sumed 172 inch diamster underwater taser in oceanic averege water.
g

The above thought pattern dictatod the design of the experiments in 1962 and the laser experiments \
which foliowed in 1964, in Letic instances the prime emphasis was in irradiance on-axis, A mnore general
exploration of the tight field produced by underwater tasers was, of course, also part of the program and,
indeed, many ofi-axis measurements were made both in 1961, 1562, and throughout the underwater laser
programs vn (4954, 1965, They were the primary interest in 1966. Even in 1961, the mounting tor the under- }
water narrow beam lamp was provided with a notched sector platg to allow the heam to be diverted through i
known angles from the axis of the underwater track. Nevertheless, the primary geal of the experiments for ,
1962 anc 1964 were the measurements of irradiance gn axis at all achievable ranges with light beams stap- |
ped down to dian:ters of /20 inch and 1/10 inch, respectively. This drastically reduced the power level ‘
of the experiment, parvicalarly with the narrow beam ivcandescent projector. |t meant also that the irrad-
iance collector used must be smatler in diameter than 1720 inch for the measurements to be made at small
lamp distances where the beam diemeter did not appreciabily exceed 1/20 inch. At longer ‘amp distances
spreading of the baam due (o divergence and due to scattering processes in the water enabled larger irrad-
jance 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 ana the receiving aperture.

1 DESIGN OF THE SECOND UNDERWATER TOWER

The engineering design of the second generation tower, track, and pointing centrel equipment was set
‘ by the phiiosophy and requirements detailed in the preceding section. The severe loss of experimental
Q time experienced in 1961 diie to water waves and boat wakes dictated that the second generation insvalla-

tion shouid have 'ali-weather’ capability. This was achieved (1) by conducting the experiment at greater
dentn, {2) by providing the exparimenter with remote pointing controls for the light socurce, and (3) by pro-

JF viding underwater voice communication hetween the experimenter and the scuba divers who served as as-
sistants in the experiment. The swimmers had ai- tanks and wet suits that enablod them to stay for hours
4 if necessary at the depth of the experimsant in order to move the cart along the track, change aperture

stops on the light source and at the measuring windew of the tower, clean all glass surfaces, and assist

3 in beam alignment,

Voice Communication. Voice communication was provided by a row of underwater lovdspeakers sup-
ported above the tsack just under the water surface by means of floats. The instructions of the experiment-
er could be ho. i from any working cesition. Reverse communication from the swimmer to the experimenter
wa' neaded oy infrequently.  Experience showed that the swimmer couid tan on the rails of the unde:-
water track w: i any metal object (such as a screwdriver or the handie of a diver’s knife) and tnat these
clicks were cleariy audible to the experimenter mside (he underwater tower.  This was true because the

second tower was made of steei rather than concrete.

The Secord Tower. A madel 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 previousiy) and about 5
foet square.  Rings of I-beams inside the walls of the new tower stiitened the structure and provided con-

o‘ venient shelves for apparatus and convenient mountings for apparatus, tlooring, 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 quaiity optical glass that had been vsed in the first tower.
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Modification of the Underwater Window.  Just outside the lower right edge of the circular grass 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 8.5 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. This page is reproduced =t the

back of the report by a different
L reproduction methed to provide
§ better detail.

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

The Irradiance Wheel., The Flexiglas 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 ti e underwater lamp) by a thin blackened metal disk in which a sharp-edged circutar hole 1/40 inch
(0.6356 mm) in diameter had been dritled. When a light beam 1/20 inch (1.27 mm) in diameter was centered
on this inseri, the light passing through it was considered to be proportional to the irradiance on axis of

the light beam.

An exactly similar insert with @ 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. [t was also used when the

lanmp distance was such that the 1/20 inct (1.27 mm) light beam had spread tn a (geometrical) diameter of
1710 inct (2.54 mm). Changing the colle tor diameter from 1740 inch to 1/20 inch increases the light
available for measurement by a factor of four. Measurements recorded at both diamerers enable the data to

he reduced 10 a common Basis; this procedure was calied a “"fold™ in the data.
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Two other positions in the irradiance wheel were occupied by similar irradiance coliectors having
larger diameters. Often 1/4 inch (6.35 mm) and 172 inch (12.7 min) apertures were used so that “'folds"’

could be made at greater lamp distances.

The remaining two positions in the irradiance wheec! 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
fight beam. The last position contained a transparent plastic disk lightly ground on the side toward the ‘
é underwater famp 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 dis' inces the light from the projector was difficuit to see. The visual effect was
that ot o faint star seen ayuinst 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
*i movements of his head. In such cases, the ground plastic reticle was reptaced by an opaque stop having

a round open hole slightly iarger 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 ot which data were obtained with the collimated pro-
jector or with the submergoed laser was not set by sucitivity 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-
4 cally that finallv only one new lamp distance one new point on a curve - could be added in an entire
right by the anannment 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 stope is K or a in Fig. 4-31, although technically possible with the existing equipment,

i were not achieved,

All beam alignrier: s were accomplished visually using light from the collimated projector, even in
the case of experin.:nts with the pulsed lasers that are described in section 7 of this report. Beyond 18
attenuation len¢ths, light from the projector could be seen oniy under conditions of full dark adaptation.
Even on moonless nights the underwater background of scattered light was much o0 bright to see the lamp
r at such long distances. Attempts to do so had to be restricted to the night wi.en 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, Thus aerial photograph of the field station at
Diamond Island shows the “tent’” attached to the second und-rwater tower. Buoyant rubberized fabric 12
feet wide and 90 feet long forms the dark section of the "“root * of the tent nearest the tower. The outer,
lighter section is composed of strips of an older floating febric taced 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 “roofl " 15 d

{ wooden raft.  This supported the chains to three he wy anchors which keep the free end of the tent in
i place. Floating 2 x € inch transverse wooden beams are visible at 12-foot intervals along the “‘roof’, an-
chors attached to the ends of these beams ept the floating structure straight.,
The “"tent’’ consisted of more than a fabric roof. Vertica! side curtains of the sume dark rubb: rized
fabric hung from the "“eaves’  of the roof aleng the entire 150-foot length.  These side curtains extonded
{ from the surface downward 12 feet. Thexr lower cdge was anchored to the bottom of the lake by mar, fines, -
One end of the tent was closed by attachment to the tower, but the far end was open.  The underw.r o tent
was, of course, centered directiy over the track on which was carried the colhimated projector, oth the
N
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Fig. 4-18. Aerial view of th= field of viston at Diamond 1:#land showing the second underwater tower with ite
attached floating curtain. This is moored directly above the underwater track wiere sll of the ox-
periments described in Sections 5, 6, and 7 were conducted. Storm damage to the outer seciion of
the curtain is evident. The boat landing, air track, and Laboratory building itop center) show
clearly. The underwater tower is connected to the boathouse by a footbridge.

tant in place the background against which the projectoi appeared was, by measurement, 1006 times darker
than without t.  Witn this improvement in darkness, visue! alignments were achieved at ranges veyond 19

attenuation lengths on a fev very dark nights when the mooi, wus new,

Other Uses of the Underwater Tent.  The underwater tert cerved other important purposes besides
enibling tona range alignments to be made ow very dark nights. it enaliled shorter range measurements to
be made under the lower levels of moonlight. it enabled measurements to be started earlier in the twilight
and contnoned 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 a-water surface
which would have made K measurements invabid. This page i reproduced at the

buck of the report by a ditferent
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TECHNIQUES QF IRRADIANCE MEASUREMENT

The use of the "'wheel” for measuremenrts 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 pat in place by divers after each alignment had been completed and the
appropriate aperture of the wheel had seen rotated into ptace. In the center of that cover was a shallow,
concave, metal, conical depression, the center uf which was precisely on axis. The apex of the conical
depression was truncated to provide an opening about 30 mm in diameter. This was provided with a oft
rubber ring that pressed gently against the metal insert in the whael. With this cover in placa no light
couid enter the tower except through the measuring apertire. T 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 instaltation. The window and wheel were the same ones
that were used at Diamond Istand. The mounting ring that holds these parts is however smalier 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 Island it was 16 inches in di-
ameter. The metal cover used in the laboratory * a0k is shown in Fig. 4-20. it hangs from ihe upper edge
of the tank and covers the window completely. | is .:asily removable by the lifting handle at its top. The
iarge, shallow core at the center of the cover has a somewhat smaller hole than did the one used a\ 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 gentiy into contact with the metal surface of the insert in the “"whee!’",

g, 419, Plexixlas disk (*‘inadiance wheel’’) con- . 4-20,  Metal cover used in th Laborotory tank
to prevent light from pass:mg through the
measurement window except through the
iradiance cosector. A shallow conceave

tanive four ainserts for measuring .rrad-
Lance an slignment reticle, and o clear
wperitre 18 mounted on the neasuring
window i side  the Laborntory tank de-
ser:b od in Section 7

mewal cone, vaving a small cir Jdar hole
ut 1ts apex, aade gentle contact with the
uradiance whrel.
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Use of the EMI 9524-B Muitiplier Phototube,  As mentioned previously, an EMI 9924-B end-on multi-
pliev phototube was used at Ciamond Island beginning in 1962, lts 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 pnototubes were used or.ly for experiments witk the pulsed laser or for in-
candescent irradiance measurements -at very lopg ranges. The internal mounting for the EMI S524-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 cither 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 Piexiglas window. This arrangement provided
P an extremely reproducible, vet easily removable, mounting for the multiplier phototube. Both ease of re-
1 mova! and reproducitility of replacement were essential, inasmuch as the unit had to be removed by the
experimenier each time an alignment adjustment was made. This occurred, of course, each time the cart

was .noved to a new position on the underwater track.
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Fig. 4-22a Fig. 4-22n frig. 4-22¢

Fig. 4-22u. lnside (air) surface of the measurement window showing the 4-inch diameter optical gless insert e
‘{ bress mounting ring sud (wo mounting studs for supporting the multiplier phototube, the iategrating sphere, or the
ultrs seasitive ireadoometer. ¥ige 4-225 Attachment fixcure Cfspider’? for end-on multiplicr phiototube during ivad-
fanee measureme nts hangs from two mounting 8tads on the nner eurfuce of the mewsuroment windowi.  Protvetive
1 cover for optical gluas insert 18 attached to the Yuprder” with tupe. Frg, 4 22¢. FMI 9524-B multipher phototune

in place e the measurement window,
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Irradiance Measurements at Long Ronge. 1t was the intent of the 1962 prograin to measure the on-
axis irradiance of the 1/1C-inch diameter incandescent beamns out to lamp distances sufficient to show the
limiting slope of the irradiance-on-axis. Rangcs weil beyond 100 feet, i.e., beyond 20 attenuation lengths,
were required. !n fact, 160 feet of track was ccnsiructed and the remote pointing controls were designed
tc be adaquate fo- the extremeiy delicate adjustments required to center the beam at even longer ranges.

The Ultra-Sorsitive [vediomater.  Before a lamp distance of 100 feet was reached the EMI 6524-B
multiplier phototube had insufficient sensitivity to measure the irradiance produced by the 1/10-inch di-
ameter incandescant beam. in anticipation of the nead for more sansitivity, an ultra-sensitive irradiometer
based upon an EMI 9502-S multiplier phototube had hzen designed and consiructed. That tube, in its black
cylindrical housing, ic shown on the left in Fig. 4-23.  On the right is the mounting which attached it to
the inner surface of the windsw with the same type of mounting hooks that were used with the EMI 9524-B

rultiplier phototube,

The assembled uitra-sensitive irradiometer is shown in Fig. 4-24. The black cylinder containing the
EMI 9502-S multiplier phiototube has been inserted in a thermostatically controlled, gas cooled refrigera-
tion unit. Directiy in tront of the phovocathcde is a3 mechanical light chopper drivan by an electric motor,
iocated beneath the multiplier phototube. The light was chepped approximately 90 vimes 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. Tne Brown recorder does not appear in this photograph: but its
place at the top of the rack is obvious,

A Smith-Florence regulated high vo'tage supp!y was used for the multiplier phototube. The voltage it
supplied could be varied continuously by means of tnree 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. 7Vhe voltage indicated by the thumbwheel dials on
the Sniith-Florence power cupply was then entered on & calibration curve to obtein a number proportional
10 ‘rradiance. That curve was prepared at the Visibility Laboratery using incandescent standard lamps and
inverse square law attenuation on a 3-meter photometric bench., A schematic diagram of the ultra-sensitive

photoineter is given in Fig. 4-26.

This page is reproduced at the
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reproduction racthod to provide
better detil.

Fig. 4-23
Front view of ulira-sensitive rradiomete s for
attachment to the measurement window by
me ane of the mounting studs shown iun Fig.
4-22ua. At the lettas EML8502-5 waltipher
photctube in ity binck cyhindrical housing.



Fig. 4-24

Rear view cf ultra-sensitive irradiometer.
EMI 9502-5 mulciplier phototube in black
cylindrical housing is inserted through
the cesr of the thermo stated refrigeration
jacket. Molor for driving the chopper disk
is directly beneath the multipiier photo-
tube,

Fig. 425

Amplifier-demodula#or and variable voltage power
supply for the ultra-sensitive irradiometer. Strip
chart recorder (Brown) has been removed from 1its
position at the top of the mounting rack.

This page is reproduced at the
buck of tie report by a difterent
reproduction method  to pmvi(h‘s
Letter detail.

ihe temperature required to produce optimum signal 1o noise ratio with the EMI 9502-S multiplier
phototube could be achieved simply and mamtained couveniently with cooling proviced by the expansion
of compressed gas.  An electronically controllad thermastatic chamber was provided, as shown i Figs.
4-23 and 4-24. A cylinder of compressed dry carbon dioxide gas was used at the Dianond Istand 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 measurcd with the EMI 9524-B
multiplier photoiube. 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 9524-8 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 raige poriion of the irradiance on-axis curves given in Section 4.4 were obtained with the
uitra-sensitive photometer, They couid not have bean obtained with the EMI 9524-B system. As noted pre-
viously, a considerabie time was required to make each visual alignment of the beam at the longest
ranges. Wh-en this was added to the time required to take data with the ultra-sensitive irradiometer, the
experimants were forced to proceed so stowly that it was possible to add only cne 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 necessaty visual aiignments to be made, even beneath the underwater tent,
Funds were not available to enable many long range data to lve secured. Fiscal constraints alcne prevented
measurements from being made at sti.l longer ranges than appear in the curves in Section 4.4. No censi-
tivity limit was approached. In fact, none of the data given in Section 4.4 required that the photocathode
of the EMi 9502-C 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 smali light beam from the distant incandescent proiec-
tor. Yet. even without cooling, the ultra-sensitive photometer easily measurad the irradiance it produced.
When the projector was turned off, the readings cf the uitra-sensitive photomeier decreased, typicali,;, by
factors of 4 or even 10. Since the sensitivity of the ultra-sensitive photometer was more than sufficient.
only working time himited the maximum range at which irradiance measurements were made, !nstrumenta-
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 stmulate a 0.5 inch diameter beam used
in clear ocean water having an attenuation length of 50 ft “'a. Data were also collected w:th o beam diani-
oter of 110G inch to simulate the performance of 0 172 inch diameter laser used i “average’’ occan waier

having an attenuation length of 25 ft-in. Except for the data reported i Figs. 4-35 and 4-36, which show

ared-green comparison  alt of the on-axis irradiance measurements were made m terms of green light as

determored by a Wratten Noo 61 friter that covered the cathode of the noltiplier phototube.

A representative set of green hght data s shown in Fig. 4-27. the underwater incandescent projector
1O nch i drameter (254 mmoor 173 » 10 ' attenuation dengths). The 25 wat? Svlvanta
40

procuced a beam 1
concetrited arc lamp was used i the projector so that the divergence of the Light heam measured at 1

powat oomnts was DO palhiradians Tive combination of beam dicicer and bes divergence ploces 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 " 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 %7 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

100
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10-4

1075
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IRRADIANCE ON AXIS (RELATIVE UNITS)

10-7
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e

- LAMP DISTANCE IN ATTENUATION LENGTHS (ar}

Fig. 4-27, Circles show irradiance on-axis. Green light. Beam diameter 1710 inch. Beam divergence 1.9
milliradians. Monopath component of irradiance is shown by the dotted curve.
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Consider, for exampie, the point representing irradiance measured at a lamp distance of 8.6 atten-
This point lies vertically above tne dotted line by a distance corresponding with a factor
This means that 1/9 of the measured irradiance was monopath and 8/9 of it was multi-

curve,
uation lengths.

of 9 in irradiance.
path. No curve has been filled to the experimental points plotted in Fig. 4-27, but it is obvious tha2t cuch

a curve would depart trom the a-line somewhere beyond one attenuation length, become paralle! with it in

the vicinity of 10 attenuation lengths, but show a converging tendency (a les *ning of slope) at the long-

est ranges that were measured. This trend at long range can be odbserved even more prominently in

Fig. 4-28 and subseguent pints of the on-axis irradiance data.

Figure 4-28 is similar in form to Fig. 4-27 and Jdemonstrates nat when irradiance on-axis is normalized
at zero iamp distance, closely identical resits are obtained by beams of [ight having the same beam
diameter-to-beam-divergence ratio; that is to say, the same near-field to far field transition distance 1,
Thus, n Fig. 4-28 the irradiance on-axis measurements denoted by the oben circles relate to a beam diam-

eter of 1/10 inch and a beam divergence of 3.2 milliradians {(r' - (.54 attenuation lennths). The data repre-
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ted by the solid poinis relates to a beam diameter of 1/20 inch and a beam divergence of 1,9 miiti-

ins (7' ~ 0.46 attenuation lengths). To rhe extent that these two values of r' are nearly equal, curves

sed through the two sets of poirts 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 neamn depands upon
“oth 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 Leam 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 diverger.ce at small beam diameter is {ilustrated by Fig. 4-29. All four curves in
this figure are ‘or a beam diameter of 1/20 inch (1.27 mm or 0.865 x 107 ? attenuation lengths). The diver-

gences of the beams represented by the four curves were respectively, C.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 coilimated underwater projector. So'id black circles along the a-line de~cte the ' points. The four
curves display an inverse relation between nn-axis irradiance and beam diverge.ice, but it is important 1o
note that all four of the curves have been normalized to unity at zero lamp distance. The gradual upturn
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of the curves beyond 10 attenuation langths is clearly noticecnie. Even at the longest distances measured,
however the slope has nat reduced to the value K displayed by the sotid curve in Fig. 4-30 beyond 10 at-
tenuation lengths. It is believed that the slope of all ilie curves diminishes the value K at suffi-

cient range.

Measurements of the irradiance produced by a unitormi sphericad lamp ars shown by the selid curve in
Fig. 4-30. The tamp was a special version of the 1000-w incandescent “'diving famp’” (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 famp
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. [t will be noted that the curve departs from zero lamp distance with a steep

‘°°eAOJT}FTIWTI
10!

102

>}

In

104

IRRADIANCE ON AXIS iRELATIVE UNIT

107
e ~-af
10 8}
10 S B S _—
16 10 ! 1 ! 5 ] i ! ! 1
0 2 [} 6 8 10 12 14 16 18 20
CAME DHSTANCE IN AT Ve NUATHON LENGUHS (o
s 00 Curve shows arradiince peooducedt by s waiorm spherniend Jomp, Crrelew and vaagle s oboow etfect
¥ 3 3

. . N
of bewm hvergence or arosdoance or-axis produced by ccolhimuted beams 2 anches €3 03 x 104

uttenuation tengths o in diae ter.

4.24



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 & slope of K in accordance
with equations 4 and 5 of Appendix A. The notation ““4r'’ at the end of the curve dinotes 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 arc 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 1077 attenuation lengths). Because of the large veam diameter all of the
measured points lie within the near-tfield of the projector. It will be noted that the row of circled peints
is approxirnately parallel to the a-line. This suggests a possible technique for measuring the attenuation
coefficient of water. It would be necessary oniy to measure irradiance along the axis of a large diameter
highly collimated beam and determine the siope of a semilogarithmic plot of these data versus actual
iamp 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 prcduced 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 ncted, however, that the data have been normalized to unity at zero lamp distance.

The triangle porrts in Fig. 4-30 appear again in Fig. 4-31, which also contains the low=r curve from
Fig. 4-29 (1/20 inch diameter, 3.4 mr) and iwo additional curves representing measurements of irradiance
on-axis for the same lamp when the beam diamerer is 1/10 inch (triangles) and 1/4 inch (seclid 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 tha nominal value. For example, the measured divergence
of the 2-inch beam at 1/30 power points was 3.04 militradians but with the 1720 inch stop it was 3.5 milli-
radians. [t is the authcr's holief that at sutficient range all of these curves would achieve a K slope.

Figures 4-31 and 4-32 show irradiance on-axis data for 120 inch and 1/10 inch diameter beams at di-
vergences of 1.9 and 1.2 milliradians. Comparison shows that the pair ¢ curves approaches the a-line as
divergence decreases and that their separation diminishes. Figures 4-37, 4-.32 and 4-33 show that the ef-
fect of beam divergence is rather minor for beams having dhiameters of 1720 inch and 1710 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 Sylvama zirconium concentrated-are lamp.
The data are given in Fig. 4-34.  Not only is the irradiance on-2xis moch closer to the o-hine for the 120
inch diameter beam bui the triangle poimts which represent dota for the 110 mch diameter beam e above
the «-Hine at short ranges! t must be remembered tnat ail of e intadiance an-axis data bave been nor-
malized to umity at zero lamp diatance.  Nevertheless, ot four attenuation longths the on-axis rradiaince
produced by the 110 inch beam is more than 8 times greater than that produced by the 1 20 inch beam. it
is interesting shat, at short ranges, the highly colhmated (0.6 miltiradiansy beam display s “large diaeter”

4

chara veristics when the actuat aiameter s enly 110 inches (2 54 mm or 173 = 10 ' attenuation lengths,
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Fig. 4-32, Effect of beam diameter at 1.9 milliradians divergence.

18 20

431



100
10-1
10-2
10-3
104
10f5

10-6

IRRADIANCE ON AXIS (RELATIVE UNITS)

1077

108 — —

10-9 |— 20 ]

1 ] 1 1 l | | l I

0 2 a4 6 8 0 12 u  % 18
LAMP DISTANCE IN ATTENUATION LENGTHS (ar)

Fig. 4-33. Effect of beam diameter at 1.2 milliradian§ divergence.
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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 EM! 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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ligh. and red light, respectively. Thus, no significantly different new phenomena were observed by chang-
ine 1o red fight.

Ir-adiance on-axis was &lso measured with red Ljht after the 10 inch diameter sto, nad been remov-
ed from the projector so that the beam diameder fr ‘he second seres of measurements was 2 mches
(50 mv1).  These data are shown in Fig. 4-35 by sclit inangles.  They extibit prect oty the same type of
behavior shown by 2-inch diameter beams oi arsen ligh

l

The experiments with red Hight were continued by ducing the beos diameter 1o b 20 inch and measur-
g rradiancs on-axis for conparison with correspone g green hight dara The compartson 1s shown i
fig 4-38 and illustrates again the lack of difference botween red i ag green boht data when compared

in terms of the respective red and green attcnuation fergths.
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A dramatic difference between the red and green data was found, however, when the nradiance produc-

ed by the unitorm sphernical Source was measured.  These data are also shown o Frg. 42360 Although the

character of these curves 1s similar it s evident that they are approaching ddferent asymptotes; thus . the
Y Py & ¥

diffuse attenuation coefficient K s substantially 'arger for red light than for gieen.  This jesuit fol-

lows directly from the fact that X s dominated by the absorption coeféicient which, v turn. 1 contr oled

in the upper halt of the visible spectrum by rhe absorption coetficient of pure water. Thas nocodses

dramatically with wavelength.  Thus the 4= curve for green hight intersects the -one al approx mately

15.8 attenuation lengths whereas the corresponding intersection for red hight s approximately 21 sttenua-

tion iengths. Except for this understandable difference the nature of the aradiance function for o unitorg

point sowce 1s simmlar i terms of red Light and green hyht.
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produce by red hignt wnd green hight 0w o vt spherieal source.

The author be heves that af measurements of rradiance-on-axis haa been extended 1o sutficient range
the red and green curves would approach ditferent asymptotes coo .spoanding to red and green Koovalues

respectively, just a8 did the irradiance functions for the red and yreen umiform spherica source,

COMPARISON WiTH IRRADIANCE PRODUCED 8Y LASERS

Sectien 6 of thus report describes expermments at Diamond Tsiand in 1966 which showed that ddentical

values of normalized nradiance-on-axa s are produced, reospectivelly . by a neodymium-doubled pulsed taser

and by the mcandescent colhimated underwater projector cchen the geometry of the beam of laser Light and

the peometry of the besm of incwrdescont fight we made identical. W tms requirement s faltbilled the -
radrance on-axis data presented in bigs. 4-27 throegh 4-34 are applicable to the 20 nanosecond pulses of

hight that were produced by the laser .

[



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. Okoomian in
Applied Optics (Vol. 5, page 1441). It will not be necessary, therefore, to include aiull description of
the laser in ihis report. Certain details that were important determinants of the mountings for the laser
and the manner of its use are presented in the followirg sections,

5.2 CHARACTERISTICS OF THE LASER

The first RCA laser for underwater use emploved a neodymium glass rod to prediuce nedr infrared laser

hignt at 1.06 micrometers. Frequeacy doubling was achieved by means of a small block of potassium di-

hydrogen phosphate (KDF) that was mounted within the laser cavily. It converted most of the 1.00 micrem-

eter emission from the rod to 0,53 micrometer green hight. A dichroic output mirror peemitied almost no

infrared to emerge from the laser.

The taser was Q-switched by means of a rotating glass prism. Thas caused the Taser 1o produce pulses
of green hight approximately 20 nanoseconds in duration to half power points.  The pulse had a steep rise
(O peak output which consumed approximately 7 nanoseconds and a more gradual mgrescence. Duning all
of the experiments at Diamond Island the RCA lasers were used 10 the single pulse mode.  This was eftec
tively the only option in 1964 but later mode!s of the RCA laser used at ODwamond Istand i 1965 and 1966

could have been used 1n a pulse repetition mode.

The RCA taser was self-contained. Its submersible case contained rechargeable battenies of sutficient
capacity to charge the capacitor banks for about 100 flashes.  Upon commend, the energy stored i the ca
pacitors was discharged througin a mercury ash tube which o ned the neodumoon rod o The el ceclicald
connection from the submerged taser to the operator was a smail cable which could be used sither te trigger

the flash or to charge the batteries, A small control box was availabie to the operator.
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The performance of the first laser was disappointing from the standpoint of refiability, Had it not been
for the fact that the Diamond lIsland field staticn was located within an easy drive of the RCA plant where
the laser had been made, it is doubtful whother significant results would have been obtained. The unreli-
ability of the laser was due at least in part to an explosion which had severely damaged it during use by
the Navy which immediately preceded the experiments at Diamond Island. In fact, the beginning of these
experiments was delayed while RCA replaced many damaged parts with pieces that had been used during
the development of the laser but subsequently replaced with new construction before the laser was deliver-
ed to the Navy. Neither time nor funds existed to procure or construct new replacement parts for all of
those that had been damaged. Some of the laser difficulties experienced at Diamond Island during 1964
were traced to damage of the solid state circuitry which controlled the pumping and Q-switching of the
laser. No replacement for this electronic assembly was available after the explosion; its performance was
erratic and unstable. Nevertheless, persistance enabled significant and usable data to be secured during
the 1964 experiments. Later models of the RCA laser that were used at Diamond Island during 1965 and
1966 displayed none of the control circuit difficulties which plagued the 1964 operation. This is not to say
that the 1965 ‘and 1966 iasers were without service problems of various kinds, but the propinquity of the
RCA laboratories and the willingness oi their staff to assist in keeping the lasers running properly made
successful field research possible.

5.3 MOUNTING THE UNDERWATER ".ASER

The RCA underwater laser is shown in Fig. 5-1 undergoing its first trials in air at Diamond |sland. The
entire mechanism, including the power supplies, were housed in a 2.5-fcot length of 9-inch diameter steel
pipe having heavy flanges at either end to which steel end plates were bolted. Large O-rings made the as-
sembly watertight. The laser beam was emitted from a small window in one of the end plates, as shown in
Fig. 5-1. Drawings of this case had been supplied to the Visibility Laboratory by RCA. A wooden
mockup had been constructed in order to develop means for mounting the laser on the existing underwater
cart, already described in Section 4 of this report and illustrated by Fig. 4-10.

Fig. 5-1. RCA underwater laser at Diamond Island. Left to right: Bailey, Pinkham, Duntley, Mather, and Kornstein.
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The laser was very much larger and heavier than the collimated underwater projector for which tha cart
and its control mechanisms had been designed. This was not particularly serious because the laser was
onty slightfy negatively buoyant when submerged. It was a comparatively simple matter to mount it on the
arm of the underwater cart as shown in Fig. 5-2. A strap about the body of the laser about 9 inches from
the forward end was used to secure it to a triangular box-shaped structure fastened to tne horizontal arin of
the underwater cart. The attachment between the triargular box and the strap surrounding the laser was a
pivot, such that the laser could swing freely about a horizontal axis,

Vertica! control of the light beam was accomplished by the same remote contrel mechanism described
in & stion 4. The front end of the laser rested on the same ball-tipped vertical control rod described there.
This can be seen in Fig. 5-2 and in subsequent photographs directly beneath the laser window. The center
of the small bail is directly beneath the giass-water surface of the window. Thus, just as in the case of
the mounting for the narrow beam lamp, the !aser was always rotated about & vertical axis which passed
through the point at which the laser beam entered the water. A child’'s life balt was al'ways strapped
around the rear end of the laser case so that its upward thrust, acting through the central pivot, would
cause the front end of the laser case to press solidly against the vertical control rod. Remote herizontal
control of the laser beam was pro “ided by the mechanism in the underwater cart in exactly the same way

described in Section 4.

It was tmportant to mount the laser at such a height above the underwater cart that the horizontal
beam of light it produced would pass through the center of the observing window of the underwater tower.
This made it necessary to orient the laser with its window at the bottom of the front end plate. Fortunately,
it could be operated in any position. The triangular box mounting, shown in Fig. 5-2, was designed to place

the laser beam at the proper elevation.

IMig. 5-2. RCA laser mounted on control
arm of underwater cart. The
clamp-on accessory support
bracket in in place.

This page is reproduced at the
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AIMING THE LASER better detail.

Throughout all of the expariments with the collimated underwater projector described in Section 4 it
w as possible to align the hight beam visuaily. The experimenter was in virtually no danger of retinal dam-
age, even if the direct beam froni the incandescent projecter inadvertently envored his eye.  This was not
true of the underwater laser. Direct alignment of the laser beam was out of the juestion, not only from the
standpoint of eye hazard, but aleo because the single 20 nanosecond fiashes produced by the laser could
not be located accurately by direct observation, It should be expiained that when an observer views a sin-
gle flash on, say, a wal' or screen, he finds it virtually impossible to identify the precise location of the

triaht spov because of involuntary eye movements.  Persistence of vision causes the iltusion that the spot

5-3




ts present for .. substantial fraction of a second during which the eye always changes its fixation. The ac-
twal position of the lasor beam can be recorded hy means ot a sheet of photographic paper mounted on the
wall. if an observer is asked to mark the position on this sheet of photographic paner where {.o balioves
the beam of light struck, it is nearly alwavs found that (after development) the pholograshic record of the
light beam is not at the point marked on the paper. Similarly, if two or more individuals observe a jaser
pulse they seldom agree about its location on the screen.

Photographic recerding of the position of the laser beam is an impractically slow means to achicve pre-
cise aiming. It was essential to avoid the necessity of photographic beam alignment in the tnderwater
taser experiments. Accoraingly, the underwater cotlimated projector was used as an alignment device.
the sysiem is shown in Figs. 5-2, 5-3, and 5-4. A supporting meta! plate was attached to the fltanges of
the faser by means of three clamps, two at the top and cne at the bottom of the front face plate of the laser,
A hole in this mounting plate was provided for the laser beam. The same collimated incandescent projector

used throughout all of the experiments described in Section 4 was mounted at the top of this plate to pro-
vide a collimated beam of light for aiming purposes. In Figs. 5§-3, 5-4, and 5.5 the coll mated orgjector

I

ﬁ will be recognized because it is painted black. The 2-inch diameter beam of white light it produced enter-
ed a right-angle prism and was reflected directly downward te @ second prism mounted at the end of a hori-
zontal shelf attached to the bottom of the main mounting plate. This pair of prisms caused the 2-inch di-
ameter beam of white light to leave the assembly horizontally along the optical axis of the optical bench.

! Obstructior of the laser beam by the lower piism was avoided by drilling a horizontal clearance hole
throvgh that prism. The laser beam passed freeiy through this hole, which shows clearly in Fig. 54. Ver-
nier adjustments were provided in the mounting of the lower prism by means of which the large diameter
white beam from the incandescent projector could be made coaxial with the laser beam.

The alignment procedure was simple. The laser was flashed upon a piece of photographic paper mount-
v ed on the back wall of the underwater tower. After develcpment, the photographic paper was returned ac-
curately to its position on the wail. Light from the incandescent projector was then allowed to shine on
the wall and the vernier controls on the lower prism were adjusted by a swimmer uni)l the 2-inch diameter
white beam was centered on the recorded laser spot.

P It will be noted in Figs. £-2, 5-3, and 6-4 that toe black cviinder containing a rotary solenoid is mount-
ed above the projector, just as it was in Fig. 4-10. In this case, however, the arin attached tc the solenoid
carried an opaque metal disk so that the white light beam could be remotely interrupted by the experimenter
without extinguishing the concentrated arc lamp. Thus, the white light beam was available to the experi-
menter in making his alignment but could be extinguished before the laser was flashed for measurement

purposes.
The use of the collimated incandescent projector enabled all of the alignment techniques described in
1 Secticn 4 10 be employed in the experimenis with the underwater laser. This capability was of utmost im-
{r portance in accomplishing the goals of the research within the available hours of experimental {ime. |If i*

had been necessary to make all alignments of the laser by photographic procedures, no night would heave
been long enough to obtain significant data and nights dark enough to enable visual alignment at long
range would have been too few to abtain the desired results. The importance of this technigue of faser
"k alignment to the success of the research cannot be overemphasized. '

Appearance of the Aiming Puttern. It is interesting to note thet the visual appearance of the lens of

mcandescent projector when used with the prism system attached to the laser was not @ unitorn circular
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Underweger leser with collimated projoector ased as an alignnent device.

Fig. 5-3.
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Frant view of underwater juser.

Fig. H-4
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. Fig. 5-5. Underwater laser with alignment accessories.

white disk of light. [t contained a dark central spot because of the horizontal clearance hole for the laser
beam and, in addition, a dark vertical shadow directly beneath that hole, because the *‘tunnel’" through the
prism prevented light from the lamp from reaching the reflecting hypotenuse of the lower prism. Thus, a
vertical black column extended from the bottom of the white circular disk of light up to its center. The up-
per termination of this vertical column was, of course, rounded. The fact that the lower prism was sepa-
rated by approximately 12 inches from the lens of the projector served to introduce parallax between the
black column and the circular aperture. Thus, operation of the remote azimuth control by the experimenter
produced the effect of moving the vertical black column horizontally across the face of the projector aper-
ture. This formed an excellent optical sight. Its precision was nearly independent of the range at which
the projector was viewed. The remote azimuth control was operated by the experimenter until the black
column appeared to be centered on the face of the projector aperture. The remote vertical controls were
then operated to place rounded upper part of the shadow column precisely in the center of the circular disk
of light from the projector. The effect was strikingly like that of certain forms of rifle sights; the precision
of pointing by this means was excellent, even at extreme range. “This page is reproduced at the

"back of the report by a different

-reproduction method to provide
ATTACHMENTS TO THE LASER \better detail. P .

The horizonta! shelf which supported the lower prism also provided-*ﬁour;ts farA several attachments to
the laser. The first of these was simply a mounting for the insertion of an exterior aperture stop. For ex-
ample, measurements of irradiance on-axis were made during 1964 and 1965 using the underwater laser so
that the laser results could be compared with those obtained with the incandescent projector. Since most
of the data given in Section 4.4 made use of beam diameters as small as 1/10 inch or 1/20 inch, the laser
beam was reduced to these diameters by means of an external stop. This was a disk of metal containing a
small central hole. It was supported in a holder immediately in front of the laser window (see Fig. 5-3).
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Between the aperture stop and the lower prism at the outer end of the shelf were two mounting brackets
which could be used to support various atrachments. In Fig. 5-3 these brackets hold an air-tilled, white,
horizontal tube closed at cither end by means of high-quality glass windows. Another (black) tube con-
tained a Dove (s>co Fig. 6-7) prism, by means of which the laser beam could be rotated about its axis. Un-

atahiaiy

fike the incandescent projector, the divergence of the laser beam was roughly 2lliptical,  Photographs of
the beam from the laser are shown in Fig. 5-8. The major axis of the ellipse is inclined, approximately at
23 degrees from the vertical. The laser light is linearly polarized with its E-vector in the direction of the

minor axis of the ellipse. For most experiments it was desired to have control over the orientation of the

E-vector. This capability was provided by the Dove prism.

THE LASER IN WATER

The mountings and alignment devices shown in Figs. 5-3, 5-4, and 5-5 proved to be very satisfactory
when the laser was put into the water on its underwater cart. All of the remote controls worked as well

.

ﬁ as they had with the incandescent underwater collimated projector used alone.

A night (flash) photograph (Fig. 5-6) taken downward through the water surface shows the laser mount-
ed on the underwater cart and track. The depth of the laser is six feet. The track is 9 feet deep. Figure
5-7, taken through the measurement window of the underwater tower, shows the experimenter’s view of the
iaser in action. The green beam of the laser is diverted toward the right of the observing window. The or-
iginal color photographs of Figs. 5-6 and 5-7 were by Charles Haney of the US Naval Air Development

Center.

Firg, 56, Underwater Yaser in place on the underwater cart ond track.
Interested fish were frequent observers.
This page is reproduced at the
back of the report by a different
reproduction method to provide
better detail.




Fig. 5-7.  Experimenter’s view of the laser from the underwater
tower. The laser beam is diverted to the right.

This page is reproduced at the
back of the report by a different

5.4 DIVERGENCE OF THE UNDERWATER LASER reproduction method to provide

better detail.

Photographic studies were made to ascertain the divergence and the diameter of the beam from the
first RCA underwater laser. These studies are described in a letter dated 17 August 1964 from the author
to ONR. The following paragraphs relate to Fig. 5-8 and are quoted almost verbatim.

‘”F

he side view of the apparatus shows a smali vertical metal plate between
the laser and the laser polarizer. This metal plate was a mounting mto which a
thin circular disk of metal could be mserted i order to step down the laser beam.
In order to get a valid comparison between the laser and the incandescent sources,
#nd in order to obtain data that can be scaled to clearer water, 1t was necessary to
introduce such a stop. The data shown by the triangle points in figure 1 am send-
ing you with this letter were obtained with the faser beam stopped down te a diam-
eter of 0.050" by means of a stop mtroduced in the manner just described. It was
necessary, of course, to ascertain the effect of this stop on the divergence of the
beam, and conscquently | made a series of photographic determinations of beam
spread with and withont the stop in pliace, One of the photographic figures 1 am
sonding you with this feltor s a composite plae which 1s o photographic repre-

senttation of an assemblage of 17 polaroid prints which I made for the purpose of




ascertaining the beam spread of the laser. Please refer to pictures 1 throagh D

at the top of [ Fig. 5-61. These were made with the polaro id back from the uscil-
loscope camera by mounting it flat against the inside surface of the window of the
tower. The unohstructed beam from the laser feli directly upon the polaroid ma-
terinl. The Wratten neutral density gelstin filter was fastened across the aperture
of the polaroid film back to limit the exposure. The photographic reproduction has
been carefully made at unit magnificaticn with respect Lo the original polaroid
pictures so that the spots on the plate are exactly the same size as thosc on the
original polaroid prints. Priats 1 through H were made without stopping down the
laser. The distance from the window in the laser case to the window of the iower
was 13.5 ft when these pictures were made; that is to say, 13.5 ft of lake water
separated the window of the laser from the window of the tower. By trial and
error a Wratten neutral density filter was found which provided a minimum ex-
posure on the photographic film. This is shown in picture No. 1. This Wratten
filter was then changed for one having 0.5 less density. Three exposures were
then made of three successive laser flashes. The laser was cooled for 1 minute
between these flashes. These three pictures are Nos. 2, 3, and 4 on the plate.

[t is obvinous that cthe power output of the laser was not identical in these three
nictures, but this is typical of the way the laser was operating. The water con-
tained a large amount of biological life, including an occasional large “bug’”’
which shows as a dark shadow in the picture. The ‘‘granular’® appcarance of

the edges of the beam in the pictures is the result of the transparent organisms

in the 13.5 ft of water between the laser and the film. The conirast of the photo-
graphic matcrial was high. We were using the same 10 000-speed Polaroid oscil-
loscope film with which we were making the oscilloscope pictures. There is a
comparatively sharp edge to the spot of light in the picture, an effect which 1
desired in order to get a measure of the beam spread. Under these circum-
stances, of course, the size of the spot depends upon the exposure. The beam
spreads measured from photographs 2, 3, and 4 represent a cross-section through
the beam at something like the 1/3 power point. Tlhis corresponds approximately
with the criterion I used for determining (by photoelectric technigues) the beam
spread of the incandescent light beam, and this was my reason for selecting this
particular photographic exposure level. In order to ascertain something of the
shape o the flux distribution of the laser beam, I took photograph No. 5, using

4 neutral filter which transmitted 1.0 log units more light than did the filter used
in takirg photograph No. 1. Thus the beam portrayed in photograph 5 is repre-
sentative of the 1/10th power contour.

RCA has estimated the diameter of the beam as it emerges from the laser to be
316" in diameter. The prism assembly prevented me from bringing the laser close
to the window of the tower but [ was able te get it +ato a position such that approx-
imately 1 foot separated the window of the laser cacr oo the Polaroid material.
In this position 1 took pictures 6, 7, and 8 which cor spe 1 in exposure to pice
tures !, 2, and 5 above. Thus picture 7 is intended to represent the diameter of
the lasor beam at the 173 power contour and picture 8 represents the 1710 power
contour at this distance. Measurcments of picture 7 and comparison with measure-
ments of pictures 2, 3, and 4 cnable the maximum and minimug heam spreads to be
caleulated, Similarly, measurements of pictures 5 and 8 enabie the heam spread
to the 110 power point to be measured. Another pair of photographs not shown in
this piaie were intended to provide similar measarements at the | “30th power point.
The dta are tabulated below,
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Fig. 5-8. Photographic recordings of the laser beam after passing through lake water. (Full scale)
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LASER BEAM SPREAD

(milliradians)

Fraction of Peak Power Maximum Minimum
173 1.67 0.37
1710 2.38 0.64
/30 5.00 2.33

It is interesting to note that RCA gives a nominal beam spread for the laser
of 3 milliradians by 1 milliradian. This rating is based upon visnal estimates of
the size of the laser beam on the wall of the Laboratory. In view of the charac-
teristics of human vision under such circumstances and the fact that the RCA

B measurements were made in air rather than in water, it would appear that there is
ﬁ no disagreement between their rating and the values I obtained.

Pictures 1 through 8 [ in Fig. 5-8] refer to the unobsiructed laser beam. | re-

1 peated the beam spread measurements with the 0.050" circular stop in place as
‘4 previously described. Dictires 9 through 17 show successive firings of the laser

with this stop in place and 12.0 ft of water separating the windew and the laser
case from the window of the tower. Nine pictures were made in order to illustrate
the variability of the successive flashes. The photographic exposure in the case
of all of these 9 pictures was adjusted to correspond with the 1/3 power point;
that is to say, these pictures are comparable with pictures 2, 3, and 4. Using

: measurements from these pictures and an initial beam diameter of 0.050", [ have
calculated the average beam spread with the 0.050" stop in place to be 1.73 by
0.38 milliradians. By comparison with the values for the unobstructied beam given
in the table abeve for the 1735 power peiat, it is evident that the insertion of the
stop has made no important difference to the divergence of the laser beam.

i All of the pictures of the laser beam show the oval spot to be inclined to the
vertical by an average value of 249, It will be noted from the photegraphs of the
laser mounting that the laser window was located directly beneath the cvhinder

axis, Thus the major axis of the elliptical beam 1s neither radial with respect to
the axis of the case nor tangentin! but inclined 24° to the radial (vertical direction.”

5.5 POLARIZATION OF LIGHT FROM THE UNDERWATER LASER

The first studies of the state of polarization of the light from the first underwater laser were described
in the letter of 19 August 1964 from the author to ONK, as follows:

“T was interested to ascertain whether the light emerging from the laser was
+ polarized. Tinvestigated this by bringing the laser as ¢lose to the tower window
as possible and placing Polaroid sheeting in the circular filter wheel which can
be mounted on the outside of the tower window, Thus the laser beam traversed
an unobstrocted path consisting of about 1 toot of water, a sheet of Polaroid
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linearly polarizing material, a plastic diffusing disk, the glass window of the
tower, about 1" of air before arriving at the cathode of the multiplier phototube,
Time did not permit me to do a full study of the state of polarization of the

light being emitted from the laser. There is no question that the light is polar-
ized. The only measurements | secured were with the analyzer oriented to trans-
mit the component of light having its E-vector vertical and, a second measurement,
with its E-vector horizontal. Thus I was able to determine from the oscilloscope
pictures that the ratio of irradiance at the photocathode produced by light having
its E-vector horizontal to light having its E-vector vertical was 13.7. These mea-
surements do not indicate whether the emitted light is linearly polarized or ellipti-
cally polarized. If it is linearly polarized and if the axis of the axis of polarization
is associated with the axes of the ellipse, then it would appear that the E-vector
of the emitted light is associated with the minimum diameter of the ellipse.

Measurements of polarization transmittance by natural water were made at
Diamond Island in 1962 and are shown in[Fig. 5-9]. The data in that figure were
obtained as follows: The same incandescent light source shown in Fig. 3-5,
producing a 20° divergent beam, was equipped with a linear sheet polarizer such
that the light entering the water at the lamp was linearly polarized. A photo-
electric irradiance meter was equipped with a rotatable linear sheet polarizer
mounted in the water just in front of the collecting surface of the irradiance
meter. This instrument was used to measure the irradiance at the center of the
beam produced by the underwater lamp at distances out to 29 attenuation lengths
[1/a = 4.2 ft/In]. Each point in [Fig. 5-9] represents the fraction of the measured
irradiance which is linearly polarized at the receiver. At each lamp distance one
measurement of irradiance was made with the axis of the analyzer parallel with
that of the polarizer and another with the analyzer in the crossed position. The
ratio of the difference to the sum of these two readings is the fraction of irradi-
ance which is polarized, i.e., the percentage polarization at the irradiance meter.

[Figure 5-9] shows that more than 75 percent of the light received at 28 attenu-
ation lengths has the same state of polarization as that with which it left the lamp.

The dashed portion of the curve beyond 30 attenuation lengths in [Fig. 5-9] is
an arbitrary extrapolation of the data. If it is correct, nearly half of the light has
its original state of polarization at a distance of 50 attenuation lengths from the
lamp.

A similar measurement of polarization transmittance was made at Diamond
Island in 1964 using the underwater laser. The lamp distance was 22.7 attenua-
ticn lengths [1/a = 4.4 ft/In]. The laser polarizer was used for the first time.
It was mounted in such a fashion that the laser light it transmitted had its E-
vector horizontal. The average of several oscilloscope pictures showed that
the irradiance at the tower was 83 percent polarized.”

This datum is plotted at the point marked L in Fig.-5-9. It indicates that the retention of polariza-
tion by light from the RCA laser is only slightly better than in the case of the 20 degree divergent incan-
descent beam. A measurement of polarization transmittance using a small beam of light from the colli-
mated incandescent projector would have provided a better comparison, but this was not accomplished.
Later studies confirmed.that the light emitted by the underwater laser was nearly linearly polarized with
its E-vector parallel to the minor axis of the elliptical cross-section of the light beam.
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Fig. -9, Polurization transmittance of lake water.

5.6 MEASUREMENTS QF IRRADIANCE ON-AXIS

The primary thrust of the 1964 experiments with the first RCA underwater laser was the measurement
of irradiance on the axis of the laser beam. These data were regarded as being the information of greatest
interest to those concerned with small, distant receivers. It was presumed that irradiance off-axis would
be less than on-axis, so0 that the latter could be regarded as setting an upper limit 1o reception range.

This presumption was, of course, to be explored.

The techniques employed were exactly like those already descnibed in Section 4 in connection with
measurements of rradiance on the axas of the collimated incandescent projector.  Although transtation of
the data te clear ocean water was a secondary goal, nearly all of the laser data was taken with the beam
stopped down to diameters of 1 10 anch and 1 20 inch to faciittate scaling the results to clear ocean con

ditions, just as was done 1 the case ol the 1962 incandescent beam data given in Section 4.

Troubles with the partiatly damaged laser, previously mentioned, preventsd the 1964 sernes of expern -
ments from covering all of planned conditions. They atso reduced the precision of the data. Nevertheless,
faser wradiance on axis was measwed to approximately 17 attenvcation lengths with a1 10 inch  drameter
beam and to 12 attenuation lengths with a1 20 aach beam. romicatly, the 1964 nradrance oo-axas data
rarsed more questions than it answered. A careful repeat of the work, performed in 1965, only served to

confion the reatity of the quandacies. Finatly, 0 1966 the carbier findimgs weer exnfamed and expornnen-
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tal proof obtained that incandescent light and light from the RCA laser have identical beam propagation
characteristics when compared under identical beam geometries. Sperifically, this laser light is not con-

verted to multipath irradiance at a different space rate than is incandescent light. The series of experi-

ments which led finally to this conclusion despite intervening periods of doubt are described by Sections

5 and 6 in the order in which they were performed. Interest in other more important and scientifically

significant propagation characteristics of laser light in natural water dominated the research from 1965 to

1970, as described in Sections 6 and 7.

ELECTRONIC TECHNIQUE

The irradiance-on-axis measurements which dominated the 1964 series at Diamond Island differed from
those done with the collimated underwater projector only in the electrornic system used to measure the ir-
radiance. The 20-nanosecond laser pulses could not be measured with 1iie DC photometric system that
was used in obtaining the data described in Section 3. The multiplier phototube was replaced by an RCA-
7767 and its output was displayed on a Techtronic 585 oscilloscope and recorded with a Polaroid oscil-
loscope camera. The pulse was used to trigger the sweep of the oscilloscope and the delay line enabled
the shape of the entire pulse to be recorded. Wratten neutral filters were inserted in front of the photo-
cathode to avoid saturation of the phototube. The small usable dynamic range of the phototube-
oscilloscope system made it necessary to change these filters for virtually every change in laser position
on the track. Calibration of the neutral filters was of utmost importance. Their transmittance was mea-
sured in place using the DC electronic photometer system described in Section 2; the linearity of this
system was calibrated at frequent intervals on an inverse-square-iaw photometric bench employing incan-
descent standard lamps and narrow-band green filters centered on the laser wavelength, 530 nanometers.

The 1965 and 1966 RCA Ia;érs contained a beam splitter which placed a sample of the outgoing pulse
on a vacuum diode phototube in order to monitor the power of each pulse. The output of this monitor was
displayed on a Techtronic 545 oscilloscope and recorded by a Polaroid oscilloscope camera. Pulse-to-
pulse variability under good operating conditions is illustrated by pictures 9 through 17 in Fig. 5-8. The
linearity of the monitor photometric system was calibrated at frequent intervals by means of Wratten neu-
tral filters having transmittances measured as described in the preceding paragraph.

THE 1964 LASER DATA

Success in obtaining valid irradiance data had not been achieved when ONR representatives visited the
experimental site at Diamond Island during July, 1964. This was due chiefly to erratic performance of the-
damaged laser. Continuing repairs soon produced usable laser pulses and irradiance data were secured.
A laser beam diameter of 1/20 inch was used and the irradiometer had a diameter of 1/40 inch. The pre-
vailing attenuation length was 4,74 ft/in. Following an abridged reduction of some of the oscillograms a.
letter report was sent to ONR on 19 August 1964. Exerpts from that letter, after some minor editing, is
as follows:

“‘During the nights immediately following your visit to our laser experiment
at the Diamond Island field station lust month, we had the good fortune of secur-
ing usable performance from the laser part of the time and I was able to secure
enough data to define the character of the propagation of the laser beam out to
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approximately 19 attenuantion lengtha., | was disappointed in not being able to
carry the curve further because | was successful in aligning the beam on the de-
tector out to more than 30 attenuation lengths and I had sufficient sensitivity to
perform these megsurements, but by the time | had reached these lamp distances
the laser had bocome unusably erretic in tts power outputl, and [ was unable to
obtain any usable data heyond 19 attenuation lengths,

The laser data ar represented by the inangles in (Fig. 5-10). They donot
represcat all of the data [ toek at these {amp distances. At nearly every lamp
distance [ made several oscillescope pictures in order to minimiz » the vari-
ability in power output of the laser and also to minimize the probabilily that one
of the many fish in the vicinity partially obscured the laser beam. There has been
time to measur: only one oscitloscope picture at er ' distance. The oscilloscope
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All of the 1964 oscilloscope pictures were later restudied and re-measured.

bring it inte agreement with the incandescent data.

traces are pot ideutical bat T have attempted to select ones which appeared to me
“typical.”” Not until 1 have been able to measure all of the oscilloscope traces

and study their effect upon the curve can 1 speak with any rea! confidence about
the detailed shape of the funetion,

The oscilloscope technique for measuring these short pulses afforded a dy-
namic range not greater than about two-thirds of a iog-cycle. It was necessary,
therefore, to make a photometric “‘foid” in conneetion with virtually every point.
The curve was generated step-wise beginning at zero lamp distance so that an
error in any point affects the position of all of the succeeding points on the
¢curve. Thus, errors are cumulstive from lefi to right. The final curve which |
will evolve on the basis of all the oscilloscope pictures may intersect the alpha-
ling at quite a different point than the preliminary curve. MNevertheless, prelim-
inary inspection of all the oscilioscope pictures gives no reason to expect any
change in the fundamental character of the curve. It seems safe to conclude
already that the laser beam behaves in much the same fashion as does the beam
from an incandescent lawp having similar beam diameter and beam spread. As

‘illustrated by the curve passed aear the triengle points, the laser beam follows

the alpha-line untif the near field-far field transition is reached after which the
irradiance on axis shows an inverse square dependence and, therefore, a rapid
attenuation until multipath effects take over. At long range the irradiznes on
axis scems clearly to approach the K-slope which characterizes the spherical
(4m) source at long range. Thus the light which was received at long range
has experienced smali-angle forward scattering and exhibits multipath propa-
gation. The dotted section to the right of the last triangle point is parallel to
the dashed line which represents data on the (47) spherical lamp in order to
emphasize that, even in the range between 16 and 19 attenuation lengths, the
curve laser has nearly reached parallelism with the curve for the spherical
lamp, i.e., the K slope,

The dotted curve in Fig. 5-10 represents the performance of the spherical
lamp. The two lower curves represent the performance of the collimated incan-
descent projector with a 1/20 inch diameter stop at Diamond Island during 1962.
It is too soon to conclude that the laser beam is converted to multipath radiation
more quickly than is the incandescent bram. The laser curve [in Fig. 5-10] repre-
sents only a small sample of the new data; its reduction has been hasty. Careful
study of all of the oseillograms may vield a different curve.”

ablie to monitor the highly variable pulse-to-puise variations in the power outpui of the damaged laser. All
measurements had, however, been repeated several times to inake statisticai trestment of the data poss:-
ble. The statistical restudy of all 1964 oscillograms (lid not change the curve in Fig. 5-9 sufficiently to

6-1, where they are compared with corresponding data that were secured with RCA's much improved 1965

underwater laser.

No way had been avail-

The final points are represented by triangles in Fig.




6. LASER LIGHT IN LAKE WATER

6.1 INTRODUCTION AND SUMMARY

Preliminary use of the first RCA underweter laser at the Diamond Island field station during the summer
of 1964 had developed successful techniques for experiments with submerged pulsed lasers, had explored
some polarization effects and certain beam characteristics of the laser, and had seemed to show that cn-
axis irradiance produced by the laser differed basically from ihat produced by the collimated underwater
incandescent projector. (See Section 5.6). Further exploration of that difference was one mission of the
1965-66 program; it was found that identical normalized irradiance is produced if (and only if)th : geometry

of the beam cf laser light is made the same as the geometry of the beam incandescent light. (bee p. 5-9
end of section ~‘Measurements in Water’’)

Extensive measurements were made of off-axis irradiance by scattered light from laser beams. it was
found that big objects may receive very large amourtts of scattered radiant power far outside the geomet-
rical limits of the beam, often with considerabie pulse stretch.  On the other hand, measurements of the
distribution of received radiance showed that small receivers on or near the axis need a field of view only

5 or 6 degrees in angular diameter in order to receive virtually ail the tight available to them.

6.2 STUDIES OF IRRADIANCE ON-AXIS

The first experiment conducted in 1965 was a repetition of the ~arlier measurements of irradiance on

axis which led to the data shown in Fig. 5-7. The irradiance was .aeasured for light produced by an im-

proved RCA green iaser and by the collimated incandescent projecter equipped with a 100-watt zirconium
arc lamp which caused the unit to produce a uniform bean spread of 3.4 milliradians. Just as in the 1964
experiments, both the laser and the incandescent source were equipped with circutar stops 0.050 inches in

The RCA green iaser used in the 1965 experiments was the second such faser produced by that
L aser

diameter,
company and was physically identical with the first such laser, used at Diamond Istand in 1964,
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No. 2 performed very well throughout all of the 1965 experiments. Initially the power output had consider-
able pulse-to-pulse variability but an effective system for monitoring the power output of the laser was
available so that the data points could be corrected effectively. Adjustments gradually improved the sta-
bility of the laser output. The effective help of RCA in maintaining the fine performance of the laser is
very gratefully acknowledged.

Irradiance on the axis of the beam was measured as a function of lamp distance and the results are
shown by the solid curve in Fig. 6-1. This curve has been fitted to round points representing each individ-
ual measurement; these points are shown in the figure. For purposes of comparison, points from the 1964
measurements of the same function are shown by squares. These data differ slightly from those plotted
in Fig. 5-7 because they represent the result of averaging all of the oscilloscope pictures taken in 1964
whereas the points in Fig. 5-7 were derived from single oscilloscope pictures at each distance. The 1964
and 1965 laser data are in excellent agreement.

The lower {dashed) curve in Fig. 6-1 represents irradiance on-axis produced by the narrow beam incan-
descent projector. This curve has been fitted to the ensemble of points collected in 1965 and also in 1962
using the same lamp and the same photoelectric receiving system. The 1962 points are denoted by tri-
angles; the 1965 points by circles. It is obvious that very close agreement was obtained between the

measurements made in 1962 and 1965.
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. Fig. 6-1. Irradiance On-Axis produced by the RCA underwater laser (solid line) and by the underwater
collimated incandescent projector (dashed line). When the geometry of the beam of laser
light was made identical with the geometry of the beam of incandescent light, the solid
curve became identical with the dashed curve.
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it is clear that the on-axis irradiance produced by the narrow beam incandescent projector differed
from the irradiance on-axis produced by the underwater green laser in a reproducible fashion and by amounts
that are far beyond experimental error.  Speculations concerning the causes and mieaning of these differ-
ences were, of course, made. Since the difference in curve shape is not attributable to spectral band pass
effects (See Sec. 2.« it was natural to inquire whether coherence is responsible fcr the observed differ-
ences,bu’ sts faileu to discover anv measurable coherence in the laser tight, RCA states that the output
of their la..r is not monochromatic but consists of a pattern of many spectrum lines spread over a spectral
range of approximately 40°A. The complex asymmetrica! beam spread and the nonuniforin distribution of
flux within the beam suggest that this laser light source is 2ssentially non-coherent. Measurements of the
coherence of the green laser were attempted by A visiting team of investigators from the U. S. Naval Ord-
nance Test Station, China Lake, California, who came to Diamond Island during 1965 experimental sessions
for the purpose of making this and other measurements. They did not detect coherence in the laser output.
The author made photographic studies using a double slit technique, but no fringes were observed under
circumstances such that they would have been produced by light having a coherence length of 1 millimeater.

COMPARISON OF BEAM STRUCTURES

It was obvious that the light produced by the RCA underwater laser had a much different beam structure
than did the collimated underwater incandescent projector. it was suspected from the outset that this
might be the cause of the difference in shape between the two curves in Fig. 6-1. Eventually, in 1966, it
was demonsirated that this was, in fact, true. The experiments leading to that conclusion are described in

the paragraphs which foilow.

The incandescent projector produced a uniform circular cone of light having a well-defined, symmetri-
cal distribution. The laser, on the other hand, produced & highly irregular beam pattern which cannot be
adequately described by the word =lliptical. Further insight into the nature of the beam from second har-
monic green lasers can be obtained from the photograph which constitutes Fig. 8-2. This is the beam pro-
duced by a second harmonic green laser built by the Lear-Siegler Corporation. This laser is similar in
many respects to that made by RCA except *that the KDP crystal is outside the resonant cavity.” The
beam produced by the Lear-Siegler laser was ass confined by stops than the RCA laser and therefore the
pattern produced by the optical processes within the KDP crystal are more obvious. It is evident fram
this picture that the peak emission is actually part of a circular fringe produced by the crystal. The
“ellipse’” 1s therefore not elliptical but curved, not uniform but with a peculiar gradient which causes the
distribution of flux within the beam to be nonsymmetrica! with respect to the short axis of the ‘ellipse,””
and surrcunded by side lobes and whai appears to be a pattern of scattered light. It must be remembered
that the data plotted in Fig. 6-1 represent irradiance on the axis of the beam; that is to say, the flux col-
lected by a tiny receiver much smaller in diameter than the beam and Incated precisely at its center. It is
nat surprising, therefore, that the irradiance at the center of the beam changes with distance in a ditferent
way ‘1 the case of the uniform, symmetrical, circular beam produced by the projector han in the highly

asvmmetrical, nonuniform beam produced by the laser.

*Phe ROA Juser used at Diagond Island 1o 1966 (e fifth ROA underwater laser), unlike the first two bnsers, had the
KDP crystat outside the laser cavity  This change v as waade only because no KDEP crystal having sufiiciently good
optical quality for use mside the cavity could be found an 1986, Severnl desirable advantages were lost by the

chenge.  For example, less of the 106 micrometer ntrared was converted (0 530 nanometer green hght. The fuonl
outpnt of the Y966 fuser was chiefly inirured wath o smad! component of greea, This made the bean more dangerous
to: huma eyes when the Inser was adjusted inowr and 20 opened the possibility of spectral errors mmomeasurements.
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Fig. 6-2. Photograph of the beam pattern produced hy a second harmonic green laser built by
the Lear-Siegler Corporation. The KDP crystal was outside the resonant cavity,
just as in the case of the 1966 RCA underwater laser.

This page is reproduced at the
back of the report by a different

EFFECT OF BEAM STRUCTL 3E {)eelnglé‘;t:;? method to provide

An important although mincr part of the program of experiments at Diamond Island in 1966 was a fur-
ther exploration of the effect of beam structure on axial irradiance. Clearly, as shown in Fig. 6-1, the
normalized irradiance on-axis produced by the RCA laser differed from that generated by the collimated
underwater incandescent projector. It was asked: Would the two curves in Fig. 6-1 come together if both
the laser and the incandescent projector produced geometrically identical beams? That question was ans-
wered affirmatively in 1966 by the experiments next to be described.

There seemed little hope of building an incandescent projector that would match the complex beam pat-
tern produced by the RCA laser shown in Fig. 6-2. On the other hand, it appeared possible to use the
laser as the source of light for the collimated underwater projector. This was accomplished as shown in
Fig. 6-3. The lamp housing of the underwater projector (see Fig. 4-1) was removed, as in Fig. 6-3a. The
100-watt zirconium concentrated-arc lamp was replaced (see Fig. 6-3b) by a metal plate and tube contain-
ing an opaque diaphragm with an on-axis circular hole having the same size and location that had previ-
ously been occupied by the luminous crater of the concentrated-arc lamp; it was, therefore, at the focal
point of the collimator iens and determined the beam-spread of the projector. When this aperture was il-
luminated uniformly the underwater projector produced a beam of iight geometrically identical with that
which it emitted when the 100-watt concentrated-arc lamp was in place. A new watertight lamp housing
was added, as shown in Fig.6-3¢; laser light was admitted through a window in the end plate of this hous-
ing, see Fig. 6-3d. The assembly was mounted in front of the RCA laser, as shown in Figs. 6-3e and 6-3f.

The new lamp housing shown in Fig. 6-3¢c contained a mechanism illustrated by Fig. 6-4. The position
of this mechanism was controlied by an external knob (see Fig. 6-3c). The knob had 3 positions, estab-
lished by detents. In the central position the internai arrangement was as shown in Fig. 6-4b; laser
light entering through the window in the end plate of the housing then fell upon the hole in the diaplragm
(see Fig. 6-3b). With the control knob in the position shown in Fig. 6-4¢ a metal celt containing two sepa-

rated diffusing disks were brought into place close to the hole in the diaphragm; the laser beam then
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passed through this diffusing system before reaching the diaphragm. Since the diffusers were stationary
they did not alter the coherence length of the laser beam.”

In order to measure irradiance on-axis the laser-projector system had to be pointed precisely on the
tiny irradiance-measuring aperture at the window of the underwater tower. Incandescent light for beam
alignment was provided by an automobile lamp, which could be swung into position behind the diaphragm,
as shown in Fig. 6-4a. The irradiance produced with this lamp was not measured because the filament
structure of the lamp did not result in a simple, smooth beam pattern. All incandescent irradiance data
were secured with the concentrated-arc lamp in the projector.

The Air Track. The first step in exploring the effect of beam structure was to ascertain whether the
beam of light produced by the new laser-projector system was geometrically identical with that generated
by the projector when used with the 100-watt concentrated-arc lamp. This test was.performed in air in
order that no transmission property of water would be involved. The essential features of the underwater
tower and track were duplicated on land. A small shed similar to and slightly larger than the lower part of
the underwater tower was constructed and equipped with experimental facilities which duplicated the
tower as closely as possible. One hundred feet of track was provided. The facility is shown in Fig. 6-5
and in an aerial view, Fig. 6-6,

The underwater cart is in place on the track in Fig. 6-5, as is the collimated underwater incandescent
projector. A plastic window with an optical glass insert exactly like the one in the underwater tower was
installed in the ""air tower.”” The experiment employed the same plastic irradiance wheel, diffusers, and
stops used underwater. The same cover used for the window of the underwater tower is in place in Fig.6-5.
The same multiplier phototube, electronics, and recorders were used. The projector was modified only by
providing forced ventilation in the lamp housing and attaching a thin water cell having a plane window to
the outer surface of the projection lens. That attachment was necessary because the lens was designed
for use with water in contact with its external surface.

Measurements on the Air Track. The azimuth drive of the underwater cart was used to make sweeps
of the light beam across the tiny irradiance collector, thereby producing curves of the light distribution in
the beam from the projector. Beam diameters of 1/10 and 1/20 inches were used in order to duplicate ex-
perimental conditions of Figs. 5-8 and 6-1. These measurements were repeated at several lamp distances
out to 100 feet. Exactly similar procedures were used to explore the distribution of light from the projector-
laser System.'r This work was made much slower and less accurate by the necessity, imposed by the
pulsed laser, to make oscilloscope pictures flash-by-flash, point-by-point. As expected, a residue of the
laser beam structure was found when the direct laser beam was focused on the hole in the diaphragm of
the projector, as in Fig. 6-4b. When the diffusing system was used before the diaphragm, as in Fig. 6-4c,
the beam pattern formed by the projector using laser light was found to be identical with the beam it pro-
duced with the concentrated-arc lamp.

*No appreciable coherence was evidenced by the light from the RCA laser. One of several tests for coherence was
made with a double slit assembly. This was an attachment to the projector, such that the slits were irradiated by
the collimated beam. No fringes were observed or detected by photography. In these tests no diffuser was used;
i.e., the mechanism inside the lamp housing was in the configuration pictured in Fig. 6-4b.

1 In order to guard against the possibility of error in photoelectric measurement due to the copious 1.06 micrometer
infrared light emitted by the 1966 RCA laser, copper sulfate was added to the water cell outside the projection lens:
it was also used throughout the measurements of the incandescent beams.
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Fig. 6-0a.

Underwater cotlimated incandescent  pro-
jector (See Fig. 4-1) with lamp housing
removed. (13 Main tube of the collimated
underwater incandescent projector, (2) 100-
watt zirconium concentrated-arc lamp.

Fig. 6-3b.

Lamp has been removed. A metal diaphragm
with an on-axis circular hole having the
same size und position previously occupied
by the crater of the concentrated-arc lamp
has been added. (1) ‘rube containing a metal
diaphragm with an on-axis circular hcle
having the same size and the same position
previously occupied by the crater of the
concentrated-arc lenp.

This page is reproduced at the
back of the report 'n{/ a different
reproduction method to provide
better detail.

#ig. 6-3c.

New lamp housing having u rear window
through which laser light enters. Control
knob operates internal mechanism shown in
Fig. 6-4. (1) Watertight lamp housing.
{2) l.aser light enters through a window in
this end plate, (3) Control knob for mech-
anism snown in Kig. 6-4.




Fig. 8-3d.

Rear view of lamp housing showing window
to admit the laser heam. (i) Window for
1880r beam to enter the projector.

Fig. 6-3e.

RCA underwater laser mounted in position
to inject its beam into the projector.

This page is reproduced at the
back of the report by a different
reproduction method to provide
better detail.

Fig. 6-3f.

Front view of RCA underwater lazer at-
tached to the modified underwater collimated
projector.




Fig. 6-4.

Fig. 45,

6-4(a)

Interior of new lamp housing for the underwater collimated projector, showing 3-position internal
mechanism. {(a) Automobile lamp on-axis to provide light for visual alignment of the underwater
projector. (b) Open pathway for laser beam to irradinte the on-uxis heam-forming aperture (see
Fig. 6-3b). {c) Diffuser inserted in the path of the laser beam.

Al tower and air track with underwater cart end collimated underwater incandescent projector.

Fhe {aser-projector system (See Fige 6-30 was alswo usedd onothe saoie mounting.
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Fig. 6-6. Aerial view showing air tower and air track situated between the boat landing and the Laboratory building.
Boat house and underwater tower, with curtain floating over the underwater track, is at lower right.

Measurements in Water.  The experiment was transferred from the air track and “‘air tower’” to the
underwater track and underwater tower, No difference was found in the normatized irradiance on-axis pio-
duced by the coilimated underwater projector using laser light or incandescent light from the concentrated-
arc lamp. Both the laser and the incandescent arc produced values of irradiance-on-axis that matched the
lower (dotted) curve in Fig. 6<1. Thus, it was demonstrated that identical values of normalized irradiance
on-axis are produced, respectively, by a neodymium-doubled pulsed laser and by the collimated underwater
incandescent projector when the geometry of the beam of laser licht and the geometry of the beam of in-
descent light are made identical,
This page is reproduced at the
back of the repurt by a different

reproduction method to provide
better detail.

MEASUREMENTS OF INTEGRATED IRRADIANCE

Experience with the RCA faser in 1964 served as a warning that a follow-on program based upon dztail-
ed mapping of the distribution of irradiance within the beam at each lamp distance was impracticabie, 1t
was decided, therefore, to integrate optically over the geometrical pattern of the beam and part of its sur-
roundings by means of a flux-collecting aperture large compared with beam dimensions. This was achieved
by fitting the window of the underwater tower with an integrafing sphere having an entrance aperture as
large as permitted by the optical glass insart in the 16-inch diameter Plexiglas window of the tower. Thus,
the integrating sphere had an entrance aperture 4 inches in diameter. Only at extreme ranges did the major
diagonal of the elliptical beam produced by the RCA faser become as large as 1 inches.  The integrating
sphere which was mounted inside the tower and in contact with the optical glass window integrated all of
the flux which entered the 4-inch entrance port and detivered a proporttonal sampie of this flo ro the
cathode of the multiplier phototube which was attached to a smatl side port on the sphere. In this way the
half-inch photocathode of the end-on multiplier phatotube was able te respond to the integrated fthec enter-

ing the 4-inch diameter entrance port of the integrating sphere. Normal expermmental precastions werc
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taken by means of interior baffles within the integrating sphere to make sure that no flux from the bright
spot on the back of the sphere could reach the photocathode without multipie reflections on the
sphere walls. Figure 6-7 shows the integrating sphere mounted on the measuring window inside the tower.
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back of the reportot?' a different

reproduction meth

to .
better detail. provide

Fig. 6-7. Rear view of integrating sphere attached to inner (air) surface of the measurement window.
(a) Without multiplier phototube. (b) With multiplier phototube in place.

Figure 6-8 is a plot of the integrated radiant flux collected by the 4-inch aperture at various lamp dis-
tances. For this experiment the full beam of the laser was used. A dramatic change in the shape of the
curve is apparent when Fig. 6-8 is compared with Fig. 6-1. There is no evidence of the transition between
near-field and far-field. Under all circumstances the curve is above the '‘alpha-line.”" Throughout the
range of lamp distances from 1 to nearly 5 attenuation lengths, the curve is nearly paralle! to the alpha
line and approximately a factor of 2 above it. Beyond 5 attenuation lengths the curve begins to rise, its
slope diminishes until, beyond 20 attenuation lengths, its slope agrees with the diffuse attenuation coef-
ficient K, as indicated by the broken line which is used to extrapolate the last experimental point. Thus,
just as in the case of irradiance measured at very long distances from lamps of any kind, the radiant flux
collected by the 4-inch aperture is attenuated with distance at the K-rate.

A similar experiment was made using the narrow beam incandescent source. The resulting curve of in-
tegrated irradiance vs. lamp distance duplicated Fig. 6-8 exactly. Thus, the act of integrating the flux
distribution over a diameter comparable to that ascribable to the total beam pattern causes the differences
between the laser beam and the incandescent beam, which show so prominently on the axis, to disappear.
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All evidence of the inverse square nature of the on-axis irradiance in the far-field portion of the curve has
also disappeared. Thus integration over the beam and its immediate surroundings has caused the geomet-
rical differences between the two beam geometries to cancel out, and the differences between near-field
and far-field beam structures to no longer be noticeable. Obviously in applications in which the collection
aperture or the reflector of the beam equals or slightly exceeds the cross-sectional dimensions normally
ascribed to the “‘beam,”’ the applicable propagation characteristics of the light field are as displayed by
Fig. 6-8. Only when the receiver aperture is small compared with beam dimensions do the kind of effects
shown by Fig. 6-1 appear. It is significant, however, that at long range the propagation is governed by the
K-rate of attenuation. Since this is true both on the axis of the beam and for the integrated irradiance pro-
duced by the whole beam, it follows that a!l portions of the beam will be attenuated at the K-rate at long
lamp distances, although the onset of this favorable rate of attenuation may be different throughout the
beam pattern.
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Fig. 6-8. Integrated irradiance collected by the integrating sphere at various laser distances.
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EFFECT OF COMPRESSED DIVERGENCE

There has been an intuitive feeling on the part of some of those concerned with underwater lasers that
more favorable transmission characteristics can be obtained by using an optical system to compréss the
beam. Several laboratories have conducted experiments with beam-compression optics added to the laser.
In order to make a test of this hypothesis, an optical system capable of compressing the divergence of the
laser beam by a factor of 10 was constructed. This is simply a 10-power telescope focused on infinity.
The scope was constructed of available high quality lenses and provided with a watertight enclosure hav-
ing plane windows. o

A fixture was built such that the telescope could be easily added {or removed) from the path of the
light from the underwater laser; it is shown in Figs. 6-9 and 6-10. The fixture was an attachment to the ex-
isting shelf, shown in Figs. 5-3, 5-4, and 5-5. The upper assembly inv~iving the collimated underwater
incandescent projector (see Fig. 5-3) was not used because it was optically incompatible with the tele-
scope. The lower prism wes not removed from the shelf (see Figs.6-9 and 6-10) but it played no part in the
experiment because the laser beam passed through the clearance hole in the prism. The fixture was pro-
vided with adjustments for aligning and centering the axis of the ielescope with the laser beam, In order
to insure adequate clearance of all of the stops within the telescope, the diameter of the laser beam was
reduced to 0.050 inches by means of a stop in the water close to the laser output aperture.

It was necessary to devise a new system for aiming the laser, since the system described in Section 5
and illustrated in Fig. 5-1 could not be used. A small collimated underwater incandescent projector,
shown in Fig.6-11 was designed to fit in the brackets of the shelf attached to the laser, Figure 6-12 shows
the small projector in place. This alignment lamp used a 10-watt zirconium concentrated-arc lamp to pro-
duce a collimated beam of white light having approximately the same diameter and divergence as did the
laser through the 0.050" diameter beam stop (see Fig. 6-10). This beam was visible from the underwater
tower and could be used to center the laser beam on the measuring aperture. It was much more difficult to
use than the aiming system shown in Fig. 5-3; the time required for alignment was substantially increased.
Swimmers had to remove the alignment lamp after each alignment and replace it after the laser flashes had
been recorded by the oscilloscope cameras. Only if the alignment beam returned to its original position in
the entrance aperture of the integrating sphere were the data accepted. Many sets of data had to be dis-
carded, particularly at large iamp distances, because the alignment was found to be disturbed in the pro-
cess of removing the alignment lamp and replacing it again. Nevertheless, integrated irradiance data were
secured with and without the beam compressing telescope to a |lamp distance of more than 17 attenuation
iengths. No improvement in integrated irradiance at any distance resulted from the ten-fold reduction in
beam divergence.

Figure 6-13 shows the result of measuring the flux collected by the integrating sphere at various lamp
distances. The solid curve has been passed near the points representing the performance of the laser
without the telescopic attachment. The shape of this curve is quite similar to that shown by Fig. 6-8, the
only difference being the effect of reducing the diameter of the beam at the source. The measurements
were repeated after the divergence compressing optics had been added and the results are shown by stars.
Obviously no appreciable effect was produced. The stars lie slightly below the solid line, presumably be-
cause of loss of light within the telescope. It may be noted that a 10-fold compression of divergence is
necessarily accompanied by a 10-fold increase in beam diameter at the exit pupil of the telescope and by
a 100-fold increase in the distance at which the near-field-far-field transition takes place within the beam
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Fig. 610,

Fig. 6-9.

Beasm-compressing telescope attachment for
RCA underwater laser. (1) Mock-up of RCA
laser, (2} 0,050 in. diameter beam stop,
{3) Mountings for alignment lamp, (4) Prism,
(5) Clearance hole for laser beam, (6) 10X
telescope, (7) Alignment adjustmeats for
telescope.

Side view of bhenn compressing telescone.

mitached to laser, U313

This page is reproduced at the
back of the report by a (hffer?.nt
reproduction method to provide
better detail.

(1 G050 . diaeter beam stop, (2) Shelf

Mount fur telescope.
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Fig. 6-11.

Small collimated underwater incandescent
projector used for beam alignment with

the beam-compressing telescope. Black

cylindrical device (upper right) contains

a dove prism, sometimes used to rotate
'/the laser beam about its axis.

Fig. 6-12.

Small collimated underwater incandes-
cent projector in position for use in
beam alignment. (1) Alignment lamp,
(2} 10X telescope, (3) Shelf attached
to laser.

This page is reproduced at the
‘ ba:j( gf gthe report by a different
reproduction method to provide
better detail.

pattern. The transition point for the norma! beam, which occurs (see Fig. 6-1) at a lamp distance of 0.4 at-
tenuation lengths, is extended to 40 attenuation lengths by the use of the beam-compressing optics. Thus,
in Fig. 6-13 virtually all of the data represented by the solid line are in the far-field portion of the beam
whereas all of the data represented by the stars are for conditions within the near-field portion of the beam
having compressed divergence. This is further evidence that no measurable difference is found between
the near-field and far-field conditions with respect to the integrated radiant flux in and near the beam.

TWO-WAY SYSTEMS

It is interesting to consider the sort of propagation characteristics that should be found with a two-
way underwater system in which a narrow beam source (laser or conventional), is used to irradiate a dif-
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fuse perfectly reflacting object comparable in size to the 4-inch aperture of the integrating sphere used in
obtaining data for Figs. 6-8 or 6-13. After reflection by such an object the flux will spread just as it does
from a divergent source. The two-way power characteristic can then be inferred simply by combining the
experimentally determined curve for a divergent source, such as that shown by the dashed line in Fig. 5-7,
with the data on the flux content of the outgoing beam, illustrated by Fig. 6-8. A simpie means for making
this combination is as follows. At each tamp distance measure downward from the upper boundary of the
figure to the curve in Fig. 6-8 and, at the same lamp distance, measure downward to the dashed curve in
Fig. 5-7. Since the scale of irradiance iz logarithmic, these two values should be added together in order
to provide a point on the two-way transmission characteristic. The result of performing this construction
at each lamp distance is illustrated in Fig. 6-10. It will be noted that ter very small lamp-to-object dis-
tances the inverse square characteristic of the return path after diffuse reflection is dominant, In the por-
tion of the curve between 1 and 2 attenuation lengths, the characteristic is paralle! to the ‘2 alpha line'
which is shown on the figure. At long lamp-to-object distances, beyond 9 attenuation lengths, the line is

virtually straight and at the 2K-slope.
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Fig. 0-15. Integreted vradience collected by the integraiing spheve at vartons laser distine en, with (stars)
and without tsolid circles) the divergence compressing telescope shown i Fig, 64,
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THE POWER BARRIER

It is an interesting consequence of Fig. 6.14 that the first 7 or 8 attenuation lengths of amp distance
can be regarded as a power barrier, in the sense that beyond that distance increased range is obtained
with increased power in accordance with the ZK-slope rather than (say) the 2-alpha slope. The ratio a/K
is, typically, 2.7 in ciear ocean water. In Fig. 6-14 irradiance at the receiver aperture is reduced by a fac-

tor of approximately 108 in the first 8 attenuation lengths of 2-way path and by a factor of roughily 10* in

the second 8 attenuation lengths.

LASER
2 WAY

IRRADIAMCE {RELATHVE UNITSH

LAMPE DISTARNGE IN ATTENUATION LENGTHS

Received irradiance from a 4-inch diameter perfectly reflecting diffuse

Fig. 6-14,
object at various distancer in a 2 way lascr system.

6.3 RADIANCE DISTRIBUTIONS

When a photograph is made of an on-coming faser beam, the impression is obtained thet the radiance
distribution drops dramatically at the edge of the beam and that very little radiance 1s derived fiom por-
tions ot the field of view which make appreciable angles with the axis of the beam. Thit concent ‘s sup-
sovted guantitatively in Fig. 615 which depicts the rasuit of radiance distribution measuremenis made by
means of a photoelectric telephotometer having a field of view one-fourth degree in angutar diameter. This
telephotometer was piaced with the center of its entrance pupil on the axis of the narrow beam incandes-
cent source and the wait was then rotated about the center of the measurement window 4s shuvn at the ten
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of Fig. 6-15. The diameter and divergence of the beam from the incandescent narrow beam projector were
arranged to simuiate that produced by ‘ne RCA underwater laser. Measurements were made at lamp dis-
tances cf 10 feet and 30 feet and tie results are shown by the two curves in Fig. §-156. These curves
illustraie the dramatic decrease in apparent radiance oi the tight field and show that the apparent radiance
has dropped by four oiders of magnitude only 2 or 3 degrees from the axis of the beam. The angular cover-
age of the radiance distribution is seen to be slightly greater when measurement is made at the lamp dis-
tance of 30 feet than when a 10-foot lamp disiance is used. An attempt was made to measure the radiance
distribution at a lamp distance of 50 feet but the sensitivity of the photoelectric photometer was insuffic-
ient to perform this measurement beyond approximately two-thirds of a degree.  Up to that point, however,
the curve was identical in shape with that obtained at 30 feet. The most distant 50-fout point is indicated
in Fig. 6-15 by an arrow terminating in an asterisk.
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6.4 RECEIVER FiELD OF VIEW

Many investigators have been concerned over the proper field of view to incorporate in receivers for
iaser beams, i.e., in 1-way systems. Tnroughout the Diamond Island experiments it has been aormal policy
to use receivers with complete hemispherical collection capability as typified. for example, by the aper-
ture of an integrating sphere. Figure 6-15 indicates that nc such wide-f.eld collection aperture is neces-
sary and suggests that an angular radius of the field of view as small as 2 or 3 deg: zes shoutd suffice to
collect most of the available flux. As a test of this belief, the telephotometer was aimed directly at the
narrow beam source and its field of view was increased by means of chancing field stops so that its field

of view was increased successively to from 174 degree to /2,1, 1-1/2, and 2 degrees. The result of this
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procedure is given in Fig. 6-16.

It should be noted that this figure plots the angular diameter of the re-

SIS IS

RECEIVER FIELD OF VIEW (DEGREES)

6.5 DIAMETER OF THE RECEIVER APERTURE

ceiver field of view whereas the data in Fig. 6-15 relate to the angular radius of the field of view. The

curves in Fig. 6-16 would indicate that receivers having fields of view 5 or 6 degrees in anguiar diameter
1 shouid be adequate.
2
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Fig. 6-16. Receiver response for various receiver fields of view at projector distances of
30 and 50 feet. Projector and receiver are coaxial.

Questions concerning receiver field of view discussed in the preceding paragraph should be dis n-
guished carefully from effects having to do with the diameter of the receiver aperture or the diameter of
the cbject used to reflect the light from an underwater laser.
distribution of irradiance on the surface of a sphere centered on the source of the light beam, a limited
series of experiments were made during the 1965 series in which the collimated underwater incandescent

In order to gain information concerning the

projector was rotated about its exit pupil in the manner depicted by the smail sketch in Fig. 6-17. in this
case the photoelectric telephotometer was replaced by a photoelectric irradiance meter having a small col-

lection aperture (0.010 inches diameter).

Data were obtained at a lamp distance of 30 feet as shown by

the round points through which a curve has been passed. Data could not be secured between approximate-

ance curve only to 10 degrees.

alinost exclusively,
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of the function seems quite welil defined.

oped a malfunction before any data were obtained.
pairs but no further data could be taken because both time and funds were exhausted. Thus, laser data

forcing rings, and instrument mountings) at the window of the underwater tower.
Photoelectric sensitivity was sufficient to measure the irradi-

ly 1/10th degree and 3 degrecs because of the interference of mechanical structures (window edges, rein-

Nevertheless the shape

The purpose of taking these data with the incandescent narrow beam lamp

corresponding with Fig. 6-17 were not secured in 1965."

was conceived as establishing a guide line for a similar curve to be done with the laser. This experiment
was conducted on the last scheduled night of operations aduring 1965 and on that occasion the laser devel-
The laser was returned to the RCA laboratories for re-

* Measurcments of off-uxis irradianee dominated the experimental program i 1966 and thereafter. Lasers were used
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the curve in Fig. 6-17 clearly indicates that the 4-inch diameter aperture in the integrating sphere was
For example, at 30

by no means large enough to include all of the flux or even a large fraction thereof.
feet the lasi point {at approximately 10 degrees) corresponded with a linear offset on the irradiated plane
of about 5.3 feet. Obviously, an integrating sphere with an aperture 5.3 feet in radius would have been
necessary to have collected all of the flux in the irradiation pattern cut to the fast point plotted on the
figure. How much of the total flux this represented cannot be ascertained from these data. Since the area
of a circular zone on the irradiated plane and centered about the axis of the beam is finearly related to

the radius of the zone, an integration is necessary in order to interpret the data shown in Fig. 6-17 in
terms of the fraction of the total flux which is incident on the portion of the irradiated spnerical surface

contained within a circie of any given radius. An arbitrary log-linear extrapolation was made of the irrad-

1ance data beyond 10 degrees in Fig. 6-17 so that a cumulative integral curve could be generated. This

calculated resuit is shown in Fig. 6-18. It predicts that half of the total flux on the irradiated surface

falls outside a circle more than 5 feet in diameter or at an angle ¢ =9.5° in terms of the geometry depicted
at the top of Fig. 6-17. This illustrates that the cloud of scattered light accompanying the beam, dim
though its irradiance may be, contributes importantly to the total flux retlected by a large object when i:-
radiated by a small beam of light and that the shape of curves |ike Fig. 6-8 must be profoundly influenced
by the diameter of the collecting surface, These deductions were explored much more fully during the
series of experiments at Diamond Island during 1966. The shape of the curve in Fig. 6-8, for example, is
explained in terms of the 1966 data hy Fig. 8 of the letter quoted in Section 6.6.
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Fig. 6-18. Integral of Fig. 6-17,

6.6 STUDIES OF IRRADIANCE OFF-AXIS

The principal experiments at the Diamond lsland field station during July and August 1966 concerned
the distribution of off-axis irradiance produced by the underwater green laser. Measurements were made at
angles up to 58 degrees from the beam and at lamp distances out to more than 192 attenuation lengths.
These data were obtained by mounting the underwater laser on the remote-contro! cart which ran along the
track outside the measurement window of the underwater experimental tower at Diamond island and rotat-
ing the las?r in a horizontal plane about the point at which the laser beam left the laser case and entered
the water. The mechanical drives for this cart, constructed in 1962, limited the horizental angular rotation
to 58 degrees. As wili be seen from the data which follow, this was a sufficient angle for the purposes of
the research. Angular scans were made at lamp distances of 0, 5, 15, 30, 45, 60, 75, and 90 feet. Prelim-
inary reduction of the off-axis irradiance laser data revealed many basic principles. It also explained the
causes of certain important effects that had been observed earlier.” A letter report dated 10 December 1966
presented the preiiminary data and interpreted it. That letter was made available by ONR through the De-
fense Documentation Center as No. AD 647791 and has been widely quoted throughout the report literature.
It is reproduced here from the original typed pages:

* For example, t+ - shape of the curve in Fig. 6-8 iy explaimed by the curve marked “*integrating sphere data’ in

Fig. 7 in the letter-report of 1) December 1966,
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It is the purpose of this letter to make a preliminary report of the
principsl results 1 obtained al the Diamond lsland Field Station last
summer with the RUA underwaler green laser which was lonned to us by the
U.5. Navel Air Development Ceuler. The reseurch was supporied joinlly Ly
ONR under conlract Nonr-2216(14) and by NADC uader conbract N 62264-3097,
The results are summarized by the fipures attached to this lutter. This
letter and its figures continue and extend my letier of 12 March 1966 to
Mr. Isskson and my previocus letters, all of which concern the studies | have
maie in previous years with the underwater green laser under contract
Nonr-2216(14). All of this material will be included in a summary repcri
which is now in preparation.

The experiments at the Uiamond Island Fleld Station during July and
Angust 1966 followed the plan discussed on pages 9, 10, and 11 of my lettex
to Mr. Isakson of 12 March 1966. The principal topic of the present letter
concerns the distribution of flux on an irradiated surface perpendicular to
the axls of the beam produced by the underwater green laser at angles up tn
58° and at lamp distances out to more than 19 attenuation lengths. Various
other ancillary investigations arising from the discussions contained in my
letter to Mr. Isakson of 12 March 1966 were made and will be reported in
detail later. For the sske of completeness, however, s summary statemen
of the findings on some of these topics can be given as follows:

1. The differencesbetween the on-axis irradiance produced by the
ngrrow beam incandescent projector and the irradiance on axis produced oy the
underwater green laser 1llustrated by the curves in Fig. 3 attached to my
letter of 12 March 1966 to Mr. lsskson =nd discussed on page 3 of that letter
were found to be attributable to the differences in beam gecmetry between Lhe
light produced by the two sources, as suggested on page 4 of my letter of
12 March 1966. When the radiation produced by both lamps was cempared under
conditions of identical beam geometry, the on-axis irradiance curves, like
those 1in Fig. 3, were found to agrae.

2. Further studies of narrow angle forward scattering were made with the
newly ccmpleted coaxial scattering meter constructed by the Visibility
Laboratory for NADC and operated at Diamond lsland by NADC personnel. Con-
current indepsndent measurements of the attenuation coefficlent und the
absorption coefficlent of the water enabled former results concerning the
magnltude and importance of narrow angle forward scattering to be verified
and inferences drawn concerning the nature of the scattering at even smaller
forward angles than have yet been measured.

3.  The wmeasurements depiciled by Filg. 10 attached to my letter to Mre.
lsakson of 12 March 1960 concerning the ddstributicn ot light on s surtace st
right engles to the beam produced by the narrow beun projector gt a lump
distance of 30 feel were repeated and extended somewhat in angle from *he
uxis. Gooud agreement with the curve in Fig. 10 was tound and the caleulations
and conclusions drawn from these datoa and 1llustrated by Figs, 11 and 1o of my
letter of 12 March 1906 were theceby supported.  Gimilar dats were obtained
using the nmirow beam incandesceunt projector sl olher lamp aictances.  These
will be reported iu detall later tut Tt may be saild in summary thnt they are
in sgreement with corcesponding date obtalned witts the urderwater grovn laser,




6-22

which will be reported in detail later in this letter. Thus, all of the
underwater lighting distributions thus far measured are identical for the
light from the narrow beam incandescent projector and the RCA underwater green
laser when btoth have similar beam geometry.

Power Distributions Produced by the Laser

The principal goal of the experiments performed at the Diemond Island
Field Station during 1966 was a study of the distribution of radiant power
produced underwater by the RCA green laser over a wide range of angles from the
beam and as a function of lamp distance. These data were obtained by mounting
the underwater laser on the remote-control cart which runs along the track
which extends horizontally from the sensor port of the underwater experimental
tower at Diamond Island and rotating the laser in a horizontal plans about the
point at which the laser beam left the laser case and entered the water.

The mechanical drives for this cart, comstructed in 1962, limited the
horizontal angular rotation to 58°., As will be seen from the data which
follow, this was a sufficient angle for the purposes of the research. Angular
scans were made at lamp distances of 0, 5, 15, 30, 45, 6D, 75 and 90 feet.

The beam pattern of a typical second harmonic neodymium green laser is shown
in Fig. 4 of my letter of 12 March 1966. Although this was the beam produced
by such a laser built by the Lear-Siegler Corporatlon, it represents rather -
well the beam pattern made by the 1966 model RCA green laser because the KDP
crystal is outside the resonant cavity in both lasers. Detalled beam pattern
studies were made and will be reported later. Also, detailed irradiance
distributions within the geometrical confines of the laser beam were measured
at some distences and these will also be reported later. Inasmuch as this
level of angular detail 1s not necessary for the prineipal investigation
reported herein, experimental time was saved by using an integrating sphere
having an opening 4 inches in diameter to measure the average irradiance near
the center of the pattern where the extreme asymmetries are encountered.
After the beam had been rotated sufficiently from the optical axis above the
cart track, the angular dependence on beam geometry had smoothed out sufficiently
S0 that only two directions of measurement were necessary in order to get a
sufficiently complete specification of the power distribution. Because the
angular rotation mechanism within the cart allowed for only horizontal
motions of the laser beam, an attachment containing a dove prism was built
for the laser so that the direction of the major axis of the "ellipse" could
be controlled at will. Irradiance distributions as a function of beam rotation
angle were made with the major axis of the "ellipse" horizontal and vertical,
respectively. At angles beyond 7° rotation of the dove prism produced no
measurable effect. That is to say, at off-axis angles in excess of 79 the
light produced by the laser had circular symmetry with respect to the axis of
the beam.

Figure 1 depicts the measured value of irradiance out to off-axis angles
of 58° at the variocus lamp distances listed in the preceding paragraph. During
most of these measurements the water was characterized by an attenuation
length of 4.54 ft/ln, an absorption coefficient of 0.0446 1n/ft, a diffuse
attenuation coefficient X of 0.0523 1n/ft, and an attenuation coefficient to
absorption coefficient ratio of 4.94. It was, of course, impossible to obtain
the many hundreds of oscilloscope pictures required for this study in a single
night. The optical constants of the water varied slightly from night to
night so that data obtained on occasions when the water had slightly different
propertles have been adjusted in proportion to attenuation lengths so that
they conform as closely as possible to the values given above. In all such cases
the water had a greater attenuation length than 4.54 ft/1n; the greatest
value which occcurred during the taking of the irradiance date shown in Fig. 1
was 4.94 ft/ln. The irradiance data shown by Fig. 1 represents the peak value
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of the oscilloscope traces, The measurements wer: made with an RCA No. 7767
multiplier phototube and a Tektronix Model 585 oscilloscope. This eguipment
has sufficlent tempo-al resolution to exhibit the pulse shape of the ilght
arriving at the irradiance coliector. Examinaticr of the oscilioscope traces
makes it clear that there is a considerable pulse spread when the measurements
are made at long distance and at large angles from the axis of the laser beam.
Figure 2 shows typical waveforms selected because the peakx amplitudes chanced
to be the same. The dashed curve shows the waveform as received by the
irradiance collector at 20 feet from the laser and only 0.1° off the axls of
the beam. The solid curve shows the waveform received at the same lamp
distance but with the laser rotated to place the measuring irradiance meter

58° off the axis of the beam. Integration of the area under these curves shows
that 2.1 times as much power is included in the oscillogram depicting conditions
at 58° than is included ir the curve measured at 0.1° from the leser beam axis.
Correspending measurements of what I have called the "pulse stretch factor!
have been made from a few other oscilloscope pictures at cther lamp distances
and other angles from the beam. This work is by no means complete since there
are literally thousands of oscilloscope pictures which can be studied in this
woy. The results thus far have been summarlzed by some straight--line models
depicted by Figs. 3 and 4. This modzl of the pulse streteh factor has been
used for preliminary correction of the irradlance data in Fig. 1. Since the
effect is wot large, particulerly at the smaller angles where the principal
contributions to the total power are found, it is probsble that ne more
elaborate and detailed study cf the pulse stretch factor will change the
conclusions of this study. Nevertheless, it is expected to lock at this
matter in greater detail when time permits.
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A computer program was prepared so that the irradiance dats in Fig. 1
could be converted readily into information concerning the total radiant
power received by a surface at right angles to the laser beam within a
cirele bounded by any selected angular radius from the beam. The result of
such computer integration, corrected for pulse stretch factor on the basis
of Figs. 3 amd 4, 1is shown in Fig. 5.

The small diagrams appearing in the upper right hani corners of both
Figs. 1 and 2 are plan views which illustrate how the laser beam was rotated
in a horizontal plane with respsct to the fixed irradisnce meter in order to
study the distribution of radiant powe:r at off-axis angles. The small diagram
in the lower left hand corner of Fig. 5 illustrates that this procedure is
equivalent to leaving the laser beam iixed in space and moving the irradiance
collector along the arc of a circle of radius r through off-axis angles
as depicted by the dashed circular arc. The computer program referred to in
the preceding paragraph produces values, in relative units, of the total
power received by an imaginary concave, spherical surface centered on the
point &t which the laser beam enters the water and bounded by the angular
radius ¥ . Figure 5 has a logarithmic scale of total power within the angular
radius &' end a linear scale of attenuation lengths. The lower dashed straight-
line in this figure depicts the function e~®F, This line is an invariant of
the coordinates because lamp distance is plotted in attenuation lengths (ar).
The upper dashed line in Flg. 5 represents the function e~ yhere the
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absorption coefficlent a has the magnitude a/4.94 in accur.unce with the
measured optical properties of the water given earlier in this letler.

It will be noted that the observed total power within the maximum angular
radius for which data wers obtained (¥'= 58°) is repressnted by a straight line
which lies just beneath the dashed line representing the function ¢™8T, Figure 5
also contains curves for integrations at various lamp distances for values of
angular radius (}') of 16, 6.3, 2.5, 1.0, 0.4, and 0.16 degrees respectively.
Throughout the first twelve attemuation lengths, these data can be represented
by straight lines but small amounts of upward curvature are shown by the data,
particularly for smell values of angular radius {J*). It is evident from
Fig. 5 that rotation of the laser through 582 was sufficient for the purposes
of this investigation inasmuch as integration over a complete sphere surrcund-
ing the laser (J* = 180°) could not exceed the total power represented by
the function ™8T, that is to say, the upper dashed straight-line boundary in
Fig. 5. This statement is necessarily true of any light source, narrow beam,
broad beam or spherical, in a steady state condition. The question of
whether the short duration pulse produced by the underwater green laser as
depicted by the dashed curve in Fig. 1 can be regarded as a quasi-steady state
distribution of radiant power is answered experimentally by the manner in which
the total power integral approaches en asymptote as J' approaches 58°, and -~
theoretically by an independent study of the A function response of natural
waters which has been made and will be reported in deteil later. The upper
dashed straight line representing the function e™®% in Fig. 5 is therefore
regurded as an absolute upper bound for the total power 1n the space surround-
ing the beam produced by an underwater laser.

The existence of the function e™2F as an upper bound to the power produced
by the underwater laser leads to an interssting speculation concerning the
nature of the curves in Fig. 5 if extended to very long ranges. Clearly, the
irradiance distribution produced by the laser beccmes progressively less sharply
peaked as lamp distance increases. At very long ranges 1t must approach a
nearly uniform distribution., Nevertheless, any residual non~uniformity must
be in the nature of an increased irradlance at and near the axis of the beam.
Thus it can be confidently stated that the total power within a 16° cone can
never be less than the power within the 58° cone reduced in proportion to
the ratio of the solid angle of the 16° cone to the solid angle represented by
the 58° cone, Thus at very long ranges, an upper bound to the power within
the 16° cone can be constructed as a straight line parallel to the boundary
represented by the function e™@T, i.e., parallel to the upper dashed line in
Fig. 5, and positioned beneath the curve for X = 580 by a factor which is
the ratio of the respective solid angles subtended by 58° cone and 16° cone,
respectively. Let it be assumed that, at long range, the curve for ' = 58°
is a straight line parallel to the upper dashed boundary and separated from
it by no more than the separation of the ¥' = 58° line in Fig. 5. Upper
boundaries at long range can then be plotted for each of the successively
smaller values of ¥ in Fig. 5. This has been done in Fig. 6 at an arbitrarily
selected lamp distance to 44 attemiation lengths, as shown by the points
plotted in that figure. Straight lines having the same slope as the function
e~8T yere then passed through these plotted points and joined arbitrarily
to the curves in Fig. 5, producing thereby an upper bound model for the distri-
bution of power produced by an underwater laser at the very long range. [t
must be understood that these extrapolations are not founded upon any data
since no experimental measurements were made at ranges beyond those indiented
by the points near 19 sttemuation lengths in Fig. 5. The range limitation on
the 1966 laser data was not set by sensitivity or by laser power. The limita-
tion was imposed chiefly by the pon-availability of time and funds to continue the
experiment at longer range. Calculations indicate that laser power was
available to perform the experiment at Diamond Island out to at least 40
attenuation lengtha. No practical barrier to obtaining such long-range data
is known.
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Figures % and 6 can b2 used to ascevtain the power recelved uy an object
of fixed size a! any range. When the obJect is very close to the laser 1t
obviously subtends a very large solid angle so thal the power 1t rucelves is
indicated by the upper dashed boundary om Filg. 5., 4s distance Increases the
angular subrense of the cobjeci -iiminiches so that at appropriate ranges
¢ircular object, for example, will subtend the various values of 3“ depinrted
by tigs. 5 and O. Appropriate points can be plotted on each of the curves
and the plotted points connected to produce a plot of the total power recelved
by a circular object as a functisn of lamp distance. The result of such
a use for kigs. % and € is illustrated by Fig. 7 wherzin this has becn done for
5 different circular otjects having angular radii of 30 feet, 10 feet, 3 feef,

1 foot, end 1/6th foot, respectively. Ilxperimental data for an object 1/6th foot

in angular radius is sveilable because the irtegrating spherc used to obtain
the integrated value st the center ¢f the lasey beam has an opening 1/6th foot
in radius (diameter = 4 inches). The experimental points obtained with the
integrating sphere are plotted in Fig. 7.

figures 5 and # can also be used to ascortain the angular radius within
which any arbitrary amount of powsr is cont: ed st any given lamp distance.
These are simply a family of straight lines parallsl to the dashed upper
boundary, e &f, gz fllustratsd by big. 8. Values read from that figure are
pletted in r gs. v any 0.
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It must be remembercod thet ail of the figures attmched to this letter
are drawn for the specific cage of natural weter in which the attenuation
coefficlent is 4.94 times as great as the absorption coofflceient. This is

r

reflected 1u tbe position of the upper dashed boundary line in Wigs. 5, 6, 7,
end 8. The positicn of this line depends upon the o/a ratlo. The lower
boundary, representing the tuaction e %¥, ig an invarlant of the coordinates
and does not depend upon the value of a, Thus, the angular opening between
the upper ard lower boundery lines in these figures will be different for
varicus natural waters and will also depend upon wavelength, inasmuch as

the absorption coefficient of the water nolecule ls & steep functlon of wave-
length. There 1s good reason to believe that the principles and general forwm
of tfunctions like those depicted by the figures attached to this letter will
typify any natural water but it must be remembered that the figures attached
to this letter apply quantitatively only when a = 4.94n.

FURTHER STUDY OF THE PRELIMINARY RESULTS

The Diamond Island off-axis irradiance data have, of course, received considerahle study since De-
cember 1966. Slowly accumulating additional facts from experiments the author has made in a laboratory
tank, or from certain experiments by others, and indicaticns drawn from mode! studies performed on com-
puters have aided in improving the original interpretations. Surprisingiy, very few conclusions have been
altered. The most significant alteration in Figs. 5 and 6 of the letter report concerns the nature of the
curves beyond 10 attenuation lengths. It is clear that the curve for y = 58° does not paralle! the upper
dashed curve (the '‘a-line’’}). This is shown by a restudy of the hundreds of oscillograms made at Diamond
Island and by all subsequent experiments. Better corrections for pulse stre:ch lower the curves in Fig. 5
significantly at large y and large ar. The same trend appe&rs in al! of the new da13 fiven in Section 7.
Thus, extrapolation ¢f the poveer curves at the a-slope to longer ranges, as is done in “igs. 6, 7, and 8 of

the preliminary report, is wrong.

QUALITY OF THE 1966 OFF-AXIS DATA
The quatity of the off-axis irradiance data taken at Diamond island is not high, for at least three

reasons:

(1) Measurements were rarely repeated on subseduent nights because the total time for the program
was fund limited. Manpower available for daia reduction was insufficient to keep pace with the experi-
ments. Thus, questions did not arise in time to enable specific measurements to be checked. Cumulative
fatigue made procedural errors on the part of divers and scientists inevitable as the 20-night sequences

progressed.

{2) Although the 1966 laser was vastly improved over earlier moaels, it had service problems that
would have been insurmountable without the expert and dedicated assistance of the nearby RCA labordtory,
Residual output variations, even after monitor corrections, were damaging to the irradiance daia because
of the very large number of sequentia! "Tolds™" required; the usable open range of the light measuring sys-

tem covered less than a factor of five.
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(3) Successive plankton blooms and water temperature changes resulting from storms produced minor
variations in the optical properties of the water throughout the six-week data acquisition period that were
significant in terms of the off-axis laser experiments. Attempts were made to correct the irradiance data
to some common set of water conditions, but residual uncertainties remained that would have been elimi-
nated if all of the data could have been taken on a single night.

DATA WITH HIGHER FIDELITY

The preliminary reduction of the 1966 off-axis laser irradiance data, presented in the letter report of
10 December 1966, disclosed most of the governing optical principles. Thus, the primary goal of the off-
axis program at Diamond Island was achieved. The auantitative reliability of the preliminary resulits is,
however, less satisfactory. Extensive careful reviews of all of the basic irradiance and water property
data were subsequently made with the goal of achieving power curves having higher fidelity.

Small night-to-night changes in the optical properties of the water was deemed to be the source of
greatest uncertainty in the basic data. A review of these changes and of the operating performance of ati
apparatus, including the {aser. showed that the most consistent and reliable set of experimertal conditions
occurred on the nights of 15, 16, 17, and 22 August 1966. Enough data were obtained on those four nights
to deterrnine the desired set of total power curves. [t was decided, therefore, to treat these data alone as
an independent set, having higher reliability than does the preliminary composite study of data from
all occasions.

improved pulse-stretch corrections were made to each irradiance datum. The measurements of all op-
ticat constants of the water were reviewed and linear averages of a and a were adopted as nominal
values representative of the set. Table 6.1 gives these values for the four nights and their linear averages.

Tabie 6.1. Attenuation Coefticient Absorption Coefficient

a a a

Date (In/meter) {In/meter) waw

15 August 1966 0.671 0.186 3.61
16 August 1966 0.682 0.168 4.06
17 August 1966 0.722 0.158 4.57
22 August 1966 0.644 0.163 3.95
Average 0.680 0.169 4.03

The resultirg revised laser power daia are: nlotted 10 Fig. 7-1 of the next section, where they are com-
pared with corresponding laser powar measurements made in the ccean-simulation laboratory tank.

6-32

TR T T T R



1. LASER LIGHT IN SIMULATED OCEAN WATER

7.1 INTRODUCTION AND SUMMARY

Underwater laser experiments during 1964, 1965, and 1966 at the Visibility Laboratory’s field station
on Diamond Island in Lake Winnipesaukee, New Hampshire showed that the spreading of scattered radiant
power of collimated beams depends upon the ratio (a’/a) of the volume attenuation coefficient to the vol-
ume absorption coefficient.” At Diamond lsland this ratic was significantly larger than in typical ocean
water. It was clear that laser beams would spread less in the ocean and, therefore, that data from Dia-
mend Island could not be used for the engineering design of laser systems to be used at sea. It was also
obvious that the needed engineering data could not be obtainad by further experiments at Diamond Isiand.

At the request of ONR in 1967, the Visibility Laboratory made a survey of potential sites where a
“‘Diamond Island Experiment”* cou!d be conducted in ¢lear ocean water. That survey, described in Section
7.2, was discouraging. No idesl site (or facility aficat) was found in United States waters, Atlantic or
Pacific. Only one available site was judged to be worth further stucdy. This was at Mala on the southwest
coast of Maui, Hawaii. Even there conditions were marginal and the cost of the experiment would have
been substantial. By late 1967 the Office of Naval Research found it impossible to secure the funds
needed for the desired experiment in ocean water. It then approved a Visibility Laboratory proposal to
perforin laser beam spread experiments at model scaie in a laboratory tank using simulated ocean water.
This was distilled water (or its equivalent) to which dyes and scattering agents were added until, at the
faser wavelength, the resulting fluid had optical properties identical with ocean water except that the at-
tenuation length (reciproca! attenuation coefficient) for a beam of laser light was the order of a tenth that
of clear ocean water. Thus, 5 meters of path in the tank could produce the same optical effects as a 50-
meter path in the ocean.

*Since attenuation, absorption, and total scattering are connected by the relation a - a4 s, it is cbvious that heam
spread in water can be characterized equally well by the ratios s/a or s/a. These ratios appear in various other
connectihne throughout the literature of radiative tremsfer and hydrologic optics; they sometimes sre given names
like “‘the albedo for single scattering'™ or ‘‘the probability of photon survival.” Obviously, s/a = 1- (a/a’ and
8/a = {u/a) -~ 1. The ratio a/a is used throughout this report because its role in controlling beam spread is so clear
when Figs. 7-20, 7-23, 7-24, 7-25, and 7-40 are compared.
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More than a year was lost by administrative delays of several kinds that were heyond the power of the
Visibility Laboratory to avoid. The simulation studies finally began under circumstances of extreme aus-
terity. Success in carrying them through was possible oniy because of financial assistance from the Naval
Air Development Center, the Naval Ordnance Laboratory, the Sea Grant College Office of the National

Science Foundation, and the University of California.

By the end of 1970 high quality laser underwater propagation data suitable for engineering use existed
for typical clear ocean water («/a = 2.5) and also for a wide range of other »/a ratios. Thus, design data
exist which are applicable to laser wavelengths other than 530 nanometers and to many kinds of oczan
water. These data were fitted by an empirical equation suitable to be used with a computer for engineering
purposes, including design optimization by parametric studies. The equation is intended to be applicable
te any kind cf natural water, any waveiength, and a wide range of underwater distances and off-axis an-
gles. A computer program for this equation has been programmed and given extensive trials. It has been
used to predict the laser propagation characteristics of waters (or wavelengths) having more extreme a/a

ratios than any yet modeled in the laboratory.

Validity of the modcl scale technique was tested by simulating Lake Winnipesaukee water in the labo-
ratory tank. Figure 7-17 compares data from the tank (curves) with data from the lake (points). The agree-

ment is excellent,

The remainder of this report is devoted to an acccount of the 1967 ocean site survey and the subsequent
laboratory studies of the propagation of laser light through model scale simulations of ocean waters.

7.2 SURVEY OF SITES FOR A LASER EXPER'MENT IN THE OCEAN

During 1967 the Vit ility Laboratory searched for an ccean site at which laser irradiance off-axis
could be imeasured in clear ocean water by the same techniques used at Diamond Island.

USE OF DRY DOCKS

An early suggestion was the use of a dry dock. The Navy mads a test filling of the large dock at
Roosevelt Roads, Puerto Rico with this use in mind. Excessively rapid biclogica! growth and the unavail-
ability of sufficiently clear water made this site unsuitable. Ail other large dry docks, such as those near
the entrance to Pearl Harbor, Honoclulu were unavailabie. The only floating dry docks large enough  for
the experiment if conducted in clear ocean water were in Apra Harbor, Guam. Both were permanently an-
chored in water too turbid to be of use for the experiment. Considerabie attention was given to the possi-
bility of conducting a short range experiment in 2 smail World War 1l concrete floating dry dock that was
availsble in San Diego. The cost of refurbishing, towing, and operating this unit proved to be out of the

question, and its small size (about 300 feet) made its suitahility marginal at best.

LOCAL SITES

No suitable iocal sites on California shores or istands were found where favorable water clarity, depth,
shelter and other requirements were met sufficiently to enable a Diamond Island type underwater tower and

track to be built and used successfully.
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SITES MEAR NAVAL BASES

Qutctanding cooperation and interest on the part of Navy personrei at Guam, Hawaii, and Antigua
caused special attention to be given to the possibilities in these areas, but without success. Anecdotal
accounts of idyltic, land locked shallow lagoons (crocodite free) with water “‘clear as air’” on various
Pacific islands appear to be inaccurate. Such fagoons are usually associatsd with land structures from
which there is sufficient silted run-off to make the water (when measvred) disappointingly unclear in com-
parison with normal off-shore clear ocean water. One {ocation on an underwater sheif near the harbor en-
trance on the inner side of the Glass Breakwater in Apra Harbor, Guam seemed interesting until the Navy
began construction of a docking facility on that site.

OTHER SITES

The search included detailed inspection by land, sea, and air of all possibilities on Guam, Midway,
the Hawaiian !slands, Florida, the Keys, the Bahamas (including the AUTEC fac:lity), Bermuda, Puerto Rico,
the Virgin Islands, and other Caribbean locations including Antigua. Navy personnel supplemented this
search by independent inspection of various suygested sites. Many experienced Navy divers were inter-
viewed for suggestions. Off-shore tropical reefs were often mentioned as having nlear water. The cost of
establishing, maintaining, powering, and staffing a Diamond [sland-type operation on an unprotected off-
shore reef appears to be large. Neither is it clear that these locations are safe for scuba divers to be in

the water at night illuminated frequentiy by underwater working lights,
THE MOST LIKELY SITE

A large abandoned commercial pier at Ma'a near Lahina on the couthwest coast of Maui, Hawaii seemed
tobe the only availabie, practical, and suitable site discovered by the survey. Here the water clarity ap-
neared to be marginal, just as did the best of al! coastal locations. More extended measurements of water
properties at Mala are needed before the site should be selected.

REPORT OF THE SITE SURVEY

The Visibility Laboratory engineer who visited the sites submitted a detaiied report to ONR. Excerpts
from that report are given in Appendix E. The lack of a tru' ideat ocean site or facility afioat together
with the impact of restrictions in ‘unding precluded laser studies at sea. In their stead, preparations be-
gan for laser experiments at model scale in simutated ocean water.

7.3 THE LABORATORY TANK

A unique laboratory tank was constructed to enable underwater laser experiments to be made at inodel
scale ir simulated ocean water. The essential features of the underwater tower and track at Diamord Is-
land wee duplicated in a 20 x 25 foot room of Sverdrup Hall at the Scripps Institution of Oceanography.
The tank, roughiy triangular and two feet deep, holds about 2000 gallons of water. An approximate replica
of the lower part of the underwater tower of Diamond Isiand is at one corner of the tank, A schematic plan
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of the installation is shown in Fig. 7-1 and photographs of it are in Fig. 7-2. The longest laser beam path
through water in this tank is 5.5 meters. The axis of the underwater beam is 1 foot below the water sur-
face and 1 foot above the bottom of the tank. It is also 1 foot from that wall of the tank which parallels
the track. These 1 foot spacings between the laser beam and 3 boundaries of the tank were chosen to
correspond in terms of attenuation lengths with the 6 foot depth of the laser beam at Diamond Island and,
consequently, its 6 foot separation from the 3 surfaces of the underwater tent. At Diamond Is-
land @ = 0.75 In/m; in the tank dyes and scattering particles were added until a = 0.75 x 6 = 4.5 In/m.
Thus, in both cases the laser beam was 1.37 attenuation lengths from the nearest boundary. In tank water
the attenuation length is 0.222 m/In, and the 5.60 meter maximum lamp distance represents 24.8 attenua-

tion lengths.
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X,Y,and Z — Observing ports with external covers,
L — Dashed line is the underwater portion of the laser beam path.
M — Dashed lines are the above-water portions of the laser beam path

C — Above-water cart which runs on V-rail and flat top (above-water) |-beam B. The cart C
contains the same pointing control mechanism used at Diamond island.

— V-rail

— |-beam

— Same measurement window used at Diamond Island.
Same irradiance whee! used at Diamond Island.

— Same integrating sphere used at Diamond island.

— Same multiplier phototube used at Diamond Island.

— Black-painted, darkened measurement room corresponding to the lower part of the
underwater tower at Diamond Isiand.
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!

Fig. 7-1. Laboratory tank for optical simulation of ocean waters at model scale, located in Room 2215 of
Sverdrup Hall, Scripps Institution of Oceanography, University of California, San Diego.
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This page is repreduced at the
(a) back of the report by a different
repreduction method to provide
better detail.

(b)

Fig. 7-2
¢ Fig. 7-1) showing argon-ion luser (center), dingonal wall of luboratory tank (left’y, and cart

L.aboratory room (soce
hanging from a chain hoist on a ceiling track.

is submersible prism system; see Fig. 7-3b.
l.aboratory room showing diagonal wall of tank (centeu and measurement room (left),

Black upper hox contains control mechanism; lewer iwechanism
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Fig. 7-3a
Interior of empty laboratory tuank facing measure-
ment room. Cart spans between V-rail {left) and
I-Beam (right) and carries  contro) mechanism
(upper box) and sudbmersible prism system. Mea-~
Surement window with irradiance wheel Is visihie
behind submersible assembly. Interior surfacesy
of tank gre hlack fiber glass with additional
paint,

Fig. 7-3b

Cart hunging from ceiling track and chain hoist,
Upper control mechanism (cover removed) points
underneath laser beany by rotating submerged as-
sembly about g vertical axis and by tilting a
prism {lower right).

The same techniques and devices used at Diamond Island were empioyed in the laboratory experiments.
For example, the Iaser pointing control mechanism from the underwater cart was refitted for use at the tank.

In this case the track was built in air above the W
control mechanism is in ayr above the new track, as
descent projector were supported above the control m

ater surface, and the new cart containing the original
shown in Fig. 7-3. Whereas the laser and the incan-
echantsm at Jiamond lsland, the corresponding items

hang below it in the new tank. This was accomptished by inverting the entire control mechanism assembiy

when mounting it on the new cart.

edge of the triangular tank. Thig serves to sup-

e at the loft in Fig. 7-3a. The other side of the cart is

supported by a single roller which runs on an [-beam Spanning the tank, as diagramed in Fig. -1, The

heavy underwater cart used at Diamond [sland is still there.  tn its place a light wooden box serves a8 a

dust caver for the control mechanism; see Fig. 7-3a.

Figure 7-4 shows that the same type of meusureime

at window used in the underwater tower at Diamand

Island was installed in the tank, The same 4-tnch diameter optical glass nsert in the 1.25-inch thick main

Plexiglas window is used. The same irradiance whee
g

! used at Diamond island is in place. A large metal

Cover is placed over the entire window wheneyer an irradiance neasurement s made.  The cover 15 shown

in place in Fig. 7-5a. The cover contains a large, sh

allow metal cope with a small hole at s apex.  The

only light that can enter the measutement room behind the window Must 1+ ss through this hole in the cover;
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mined by the selected stop in the irradiance wheel.

Interior of cmpty luboratory tank showing mea-
surement window wita irradiance wheel (right),
control cart with submersible prism assembly
(center), and observation po<t (left). Laser hHeam
(above water surface) enters fixed white vircular
window at top of prism system and is injected
into wuater toward measurement window at bottom
of prism assembly.

Kig. J-Bb

irradiance

directiy behind it is the irradiance wheel, so that the size of the irradiance measuring surface is deter-
The window cover in Fig. 7-5 plays exactly the same
rote as the port cover used at Diamond|sland and shown in place at the window ot the air tower in Fig. 6-6.

Fig. 7-5a

Interior of empty laboratory tunk showing metal
cover in place over measurerment vindow. large
shallow metal concave ~one has a hote at its
apex Lo admit light to the irradiance wheel, All
radiance data ac Diamond laland  were taken
with this light-c.Hecting system, but the off-uxis
irradiance measvroments in the laboratory tonk
made ase of the collecter shown in g, 7-54.
When the submerged prism system s used without
an air-tube (Jike the ones hown in Figs, & 13
und T-14} the volume scattering function can b
measured. Uhe irradiznce ollector s then re-
placed by o te'ephotemeter located bhehind the
center of the weasur-cneat window. AlY opticn]
propert:es of the aater used 1 the exporimenial
tank can b pmeasured wati baser Light by means
of the submerged prism svston,
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Alternate window cover equipped with proved
collector fsee 1L, smoth, Jove, of
Marine Resesarch 27, 341, HH(HH}. All ot avas
radiance mensurements in the Taboraiory tank
were amde watt this type of collector.
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‘ The room which houses the tank has a white cetling. Any light emerging from the water surface is re-

‘ flected from the ceiling back into the tank and causes serious errors in the daia, because water having

- a = 4.5 in/m attenuates much more strongly thar air. Therefore, a light-tight, opaque, black plastic cover
} supported by a light framework of aluminum rods is used to cover the triangular corner of the tank beyond
, the [-beam (see Fig. 7-1). Cover for the rectangular area of water surface between the I-beam and the V-

rail is provided by a segmented floating black rubber curtain, much as was done at Diamond Island, The
rubber material is the same used to make wet-suits for divers and is reinforced on one side with a black
{ nylon fabric backing. The rubbe sheeting was floated with the fabric side down because, when sub~erged,
it is extremely matte and eliminates completely the mirror-like air-water surface.

The tank is made of wood but lined on the inside with black fiber glass. Paint is added to modify the
] submerged reflectance of the tank waills and bottom according to the needs of the expariment, the shade of
E gray being chosen to match the reflectance of the particular water used. Thus, the boundaries of the tank

are '‘camouflaged’’ torepresent the optical equivalent of a limitless volume of water., Considerable effort
J is always expended in cleaning and preparing the tank prior to each filling.

1 7.4 SIMULATION OF NATURAL WATERS

In all natural water the collimated light produced by a laser experiences sequential scattering, chiefly
at very small forward angies, such that the beam is gradually transformed from its original highly colli-
mated state to a cloud of forward moving diffused light that spreads far beyond the confines of the beam
geometry. Ali aspects of this pheromenon except those which involve the velocity of light can be accur-
ately observed at model scale in laboratory simulations of natural waters. Since the solutes in ocean
" water have no detectable effect on the scattering or absorptionT of visible light, the simulation can advan-
tageously be based upon pure water. To this may be added dyes in true solution (i.e., molecular disper-

ston) to increase the absorption coefficient of the fluid in inverse proportion to the reduced spatial dimen-
sions of the experiment. Similarly, scattering particles having low re'ative refractive indices and a

PR

proper distribution of sizes can be added to bring the volume scattering coefficient to the required level.
This procedure has the very important advantage tha! exact values of both the voiume abscrption coeffi-
cient and the volume scattering coefficient become known from simple, accurate, in situ measurements of
} the volume attenuation coefficient during the synthesis of fluid, Any value of attenuation coefficient can
be reached. Any ratio of scattering to absorption coefficients can be ackieved. Thus, any natural water
{and any laser wavelength! can be simulated at the desired model scale.

PREPARATION OF HIGH-PURITY WATER

The experimental tank constructed for the model scale experiments hoids abouat 2000 gatlons.  This
quantity of pure water can be expensive. Distitied water delivered by tank treck ar-t pumped through a
hose cantained too much particulate matter.  Bottled distitled water 15 costly ond impractical.  Tap water
cieared by a recirculating filter nearly always contams too much chiorine to ¢nable stabie dye concentra-
* tions 1o be maintained. A satisfactory source of water was achieved with the system ol fiiters shown in

Fig. 7-6.

1 Organic decomponition products (Uyellow stuff ") excepted.




Fig. 7-6
Filter system used to prepare tap water for use

in the ocean simulation tank. For description,
ree text.
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The incoming tap water passes first through six large vertical gray tanks vehich stand on the floor and
then through four cartridge-type filters mounted on the wall. Two of the gray tarks are for anion exchange,
two are for cation exchange, and the remaining two contain a microreticular resin which removes iron
salts, chlorine, and most of the organ‘c aterial in the water, particularly bacteria. The firat cartridge
filter contains cotton string, the second activated charcoal, and the third is a plastic miilioore-type filter
which takes cut particles down to 5 micrometers in diameter. The final cartridge contains a plested mem-
brane {Gelmai) filter which removes particles down to 0.45 micrometers in diameter. The resulting water
is low conductivity, chlorine free, and bacteria free. |f the experimental tank is cieanad carefully and
rinsed thor: ghly with this water before filling is begun, sn attenuation length of 12 to 14 meters/in is
usually ach. ved. A trace of formalin is added immediately *o insure that no forin of bacterial or other

organic growth will occur.

All of the data were obtained with the green line of the argon-ion laser at 514.5 nanometers. At this
wavelength it is believed that the volume absorption and volume scattering coefficients of the high purity
water are approximately equal. 1lhus, it has been our practice tc assume that if a=0.072In/m,
a=s-=0.036 In/m in the high purity water.

The time required to fill the 2000 gallon tank through the filter system is about 9 hours. The six large
filter tanks must be replaced after each fill. The cartridge filters serve for many fillings.
PREPARATION OF SIMULATED OCEAN WATER

Let it be assumed, for the purpose of an example, thai clear ocean water having a/a = 2.50 is tobe

simulated in the 1ank by a fluid having an attenuation lengih 1/a -« 0.222 m/!n; ie.,a 450 In"m. Then

tne fluid must have an absorption coefficient a 1.6 'n/m and a vuiume scattering coefficient s 2,70 In/m.

Either the absorbing dye { Nigrosin, Central Scientitic Co. No. $9680) 7 or the scattering agent may be
added first. For purposes of the exarple, let itbe assemed that the biack dye is added first to the water

¢ Nigrosin (Conco Noo 39080) wus selected after testing naay dyeu in the 514 nm jaser bewm Lecauae it showed less
flaorescencs hun wny other saitable dye teated A Weatten No o 04 greon Filter was movnted over the jhat, cathode of the mults-
plier phototubre i order to sappress the (probably negligible) res duel red flustes rence of Nigroain,
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in the tank untii the measured volume attenuation coefficient«  a+s - 1.80 + 0.036  1.836 In/i. There-

ziter the scattering agent is added until « - a+s- 1,80 + 2.70  4.50 In/m.

The tank is provided with a circulating system consisting of an electric pump which collecs water
near the surface near the corner of the tank furthest from the !acer track and distributes it through a net-
These pipes stand on plastic legs about 3

work of plastic pipes wnat cover the entire botfom ¢f the tank.
Thus, many tiny

inches cbove the bottom of the tank and contain many tiny holes on their under surfaces,
jeis of water rontinuously scrup the bottom of the tank to insure that no settled scattering particies re.
Thus, the tank has a continunus forced verticai circulation that overturns the entire water
Atte- each addition of dve raere must ba a sufficient time to insure complete mixing, Or-
About 30 minutes seems to be an

main there,

volume hourly.
dinarily, the addition of Jyes ur scatterers is made through the pump.
adequate waiting time 1o insure compiete mixing before meaningful o measurements are made.

SELECTION OF A SCATTERING AGENT

All natural waters appaar tu De characterized by intense forward scattering, particularly at very small
angles. In fact, as shown on page 220 of Appeadix A, the forward portion of the volume scattering func-
tion is remarkably similar in all natural waters. This observation opens the way for a aboratory simula-
tion of naturai waters. Discovery of a scattering agent that, when added to pure water, produces the same
shape of volume scattering functinn in forward directions as do all natural waters is the principai require-
ment for valid simulations. 3o far as the forward propagation of laser light is concerned, the shape of the

volume scattering function to the side and rear is of no consequence because such scattering contributes

only an undetectable fraction of the total forward scattered power.

Measurements of the voiume scattering function at Diamond !sland and in ocean waters are discussed
in Section 2 and illustrated by Fig. 2-15. The search for a scattering agent that produces a curve
of this shape has been & long one. Trials of newly suggested materials may be continued indefinitely.
The earliest material used for simulation work was silica gel. This comes in many grades and one was
found that seemed marginally satisfactory if vigorously stirred to prevent the settling of the largest part-
icies, These are, of course, the scattering elements of greatest iinportance in determining forward scatter-

ing characteristics.

Biological Scatterers.  Because the forward scattering properties of naturai waters has been chiefly

attvibuted to transparent biological microscopic organisms large compared with the wavelength of light, it
would seem that laboratory simulation could bie achieved most accurately by growing a culture of such or-

ganisms inthe tank. This approach has been tried by the author and his cotleagues on several occasions

and abandoned for mar - practical reasors. The cultures are difficult to maintain precisely constant for

days or even hours. A delicate balance must be maintained involving rutrients, waste products, acidity,

temperature, oxygen, and other factors,
Adjustment of the concentrotion of scatterers tends to be slow and un-

Biclogical contaminants, including massive blooms of bacteria,

oroduce unwanted optiral effects.

certain. To summarize, hiologica! scattering systems (i an opticai tank are unsutficiently stable and _on-

troitable for quantitative radiometric studies.
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Tnorganic Scatterers,  The best scattering materials found thus far for simulating natural waters are phai-
maceutical mixtuies of aluminum hydroxide and magne sium hydroxide that are sold toe the relief of stomach
distress. There are many Lrands of these “‘stumach gels,” and all are significantly difierent when used as
scatiering agents. The one employed in obtaining all of the data givan in this raport was Rexatl Atuminox.
Not only did this product give the best match to the volume scattering tunction of natural wators i for-
waid dwections (see Fig. 7-7) but it had much less tendency to sattle out than the othier pharmaceutical
pensrations tested. The only serious difficulty encountered with Ajuminox oceurred during summar monthe
whan the water temparature was above 75 degrees Fahrenheit; floculavion then occurred. 1t bas nct baen
verified that all manufacturer’'s lots of Aluminox have the same desirable scatiering properties that are ex-
hibited by the particular botties we purchasad.
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Fig. 7-7. Normalized volume e ilering funstinne for ocenn waters report2d Ly four in-
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Ponits within sguares ropmesent simalated ocesn water used in the labcea-
tory tank. Tic. scatternt.r syens was Rexall Aluminox, a prepacotinon of alum-
inum and nagnesium hydroides.
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1.5 INSTALLATION AND USE OF THE LASER

The laser used to secure all of the data given in this section was a Coherent Radiation Laboratory
Modei 52 Argon-ion Laser. It was installed, as shown in Fig. 7-1, on a bench separated from the experi-
mental tank. The installation s shown in Fig, 7-8. Thz laser is mounted to a steel plate fixed to the top
of the ilaboratory bench. The power supply and control pane! were supporced above the laser by a small
wooden table.  The light emerged the left end of the laser as seen in Fig. 7-8 dnd was deviated upward by
means of a prism system. The prism assembly is shown in Fig. 7-8. The two dispersing prisms operated
near the B.ewster angle serve to disperse the laser spectrum so that @ circular stop further along in the
system could accept only a single laser line. Also shown in Fig. 7-2 is a rotary solenoid which is a part
of the safety system for the laser. An arm attached to the solenoid carried a small black cup that inter-
cepied the laser beam close to the laser unless the arm was raised by act'vation of the solenoid. This
safety cup was tied into various forms of interlocks in the interest of eye safety.
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The taser insiallation with light covers in place is shown in Fig. 7-10. The laser beam was taken hor-
izontally above the laboratory door to a prism located directly above the point at which the light beam
wes to enter ths experimental tank. The beam was contained within tubing throughout its path. A relay
lens imaged the exit aperture of the laser with unit magnification apptoximate.y at th2 psoint where the
light beam emerged from the last prism, just above the water surface. The assembly was supported by a
tubular I-beam hung from the ceiling and from the adjacent wall. The descending membter of the system is
shown in greater detail in Fig. 7-11.  The laser beam amerged horizontally from the window &t the lower
end of this vertical section. When the tank was filled tc its norma! water line, faintly visibie along the
walls of the tank, the light beam was approximately 3 cm gbove the water surface. If unobstructed, the
laser heam traversed the iength of the tank to a point directly above the measurement window and 3 cm
above the water iine. Ordinarily it was intercepted somewhere along the track by a mechanism supported
by the cart which contained the laser beam pointing control mechanism. The ascending member of the
system is shown iir Fig. 7-12. The adjustable stop which isolated the argon green line at 514.5 nm was
located at the top of the vertical pipe on the right.

i \E“'&n...‘
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wer tube) supported by tubular

“I-heam’”’ attached to ceiling and wall.

O IMg. 7-1'.  Tubing for descending
laser beem has prism boxer ut top and
bottom. RBeaum emerges harizontally
from cirenlar window facing cemere, it
18 3 em vbove the water surfuce when
the tank is filled to its normal level.
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Fig. 7-12. Laser und power supply
with covers in place.




Figure 7-13 shows the machanism attached to the underside of the cart. During use much of this mech-
anism is in water. The normal water line is indicated in this figure by an arrow. Three centimeters above
the tip of the arrow is the window which intercepts the horizortal beam. A prism system within the lower
part of the mechanism directs the laser beam downward, thence horizontally to the ieft (in Fig. 7-13) to a
prism which directs it vertically downward to final prism which sends the beam haorizontally to the right
through an empty tubing that terminates in a plain glass window directly beneath the axis of rotation pro-
vided by the pointing control mechanism. in the position shown, the laser heam emerges horizontally into
water exactly at the axis of rotatien. It then proceeds to the right (in Fig. 7-13), at right angles to the
axis of the track. The beam entered the water one foot beneath the surface, one foot above the bottom of
the tank, and slightly more than one foot from the nearest side wall. All of this structure turned about the
vertical axis except the piece containing the upper window, which intercepts the laser beam in air. Thus,
operation of the pointing control drives in the cart causes the beam to perform a horizontal sweep which, if
desired, makes a complete 360 degree rotation.

Ordinarily, the laser beam is sem directly toward the measuring window. Vertical adjustment of the

beam is accomplished remotely by means of a control mechanism inthe cart. The adjustment is accom-
plished through a system of levers which can be seen in Fig. 7-13.  These turn the lower prism in the un-
derwater assembly.

Iig. 7-13 fig. 7-14
Prismm assembly of the beam pointing control system Removable horizontal air-tube shown in g, 7-13
beneath its supporting cart in the (empty) luboratory has been replaced by o longer one to ennble total
tank. With removable air-tube in place, the laser beam heam power entering the water to he mensured;
enters thee water directly beneath the vertical axis of Hee text,

the rotation. Compare with Fig. 7-5u.
This page is reproduced at the
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The principal interest in these axperiments concarns off-axis irradiance. It suffices, therefore, to take
an average vaiue of the irradiance close to the axis of the track. This is accomplished by removing the
window cover and mounting the integrating sphere on the inside of the measurement window. The laser
beam enters the center of 4-inch diameter circular window of the integrating sphere. With it goes some
forward scattered light. After the photoelectric reading has been recorded the beam is rotated herizontally
tc the right enough to make 1t miss the opening of the integrating sphere. A second reading is made.
The integrating sphere is then removed and an irradiance collector and window cover is put in place.
Another reading is made to establish a photometric foid in the data. Thereafter, atl irradiance measure-
ments are made by means of the special irradiance collector shown in Fig. 7-5b.

Comparison of Fig. 7-5a with Fig. 7-15 shows that the lower horizontal tubing can be removed so that
the fight beam enters the water not at the vertical axis of rotation of the system but at a considerable dis-
tance away. This configuration enables the volume scattering function to be measured with laser light.
For this measurement the telephotometer looks cut through the measurement window along the axis of the

track.
| If Fig. 7-13 is compared with Fig. 7-14 it will be observed that the removable horizontal tube in the
4 former has been replaced with a longer horizontal tube in Fig. 7-14. This longer tube is provided in order

to permit measurement of the total power in the laser beam where it entars the water, The empty tube in
Fig. 7-14 is long enough so that with the assembly in the position shown in Fig. 7-4 the cart can ap-
proach the measurement window close enough that end of the long horizontal tube can be brought within
a miilimeter or two of the surface of the optical glass insert in the measurement window. Thus the laser
. beam traverses a negligible amount of water before entering the glass window and the integrating sphere.
{ in this way the total beam power can be measuted without attenuation by water.

1 CONSTANCY OF POWER IN THE LASER BEAM

The submerged prism assembly of the beam pointing control system enabled the laser beam to be cen-
tered on the measuring window and then swept horizontally to any angle. so that off-axis irradiance could
be measured. Such a rotation of the prism system would, however, have caused the state of poiarization
of the light injected into the water to vary had it not been for the incorporation of a set of wave plates
and linear polarizers within the prism train. Even so, rotation was accompanied by a significant change in
1 the power of the laser beam as it entered the water. This change was eliminated by mounting a thin glass
1 beam splitter to receive the iaser beam just after it entered the water, as shown in Fig. 7-15. A small frac-
tion of the beam was reflected vertically into a small integrating sphere. A proportional sample of the
flux in that cavity was fed to a submerged muliiplier photetube that controlled the power input to the laser.
This feedback system eliminated all detectable variations in the power of the light beam as it entered the
ﬁ water whether caused by prism rotation, mechanical vibrations of the optical system, line voltage changes,

or fluctuations within the laser. The output of the submerged monitor multiplier phototube was dispiayed
continuously on a recording potentiometer-type strip chart recorder (Brown) so that the experimenter could
verify that no detectabie variziions in laser beam power had occurred throughout the measurements.,




Fig. 7-15. Submergible light-beam pointing control system with beam splitter, and multiplier photo-
tube for maintaining total beam power constunt.

(1) integrating cavity; (2) beam splitter; (3) stop to eliminate weak satellite laser
beams caused by inter-reflections between prism and window surfaces; (4} multiplier
phototube in submergible housing.
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7.6 STUDIES OF IRRADIANCE OFF-AXIS bettzr detail.

It was the principal object of the laboratory tank to produce a family of curves like those generated at
Diamond Island, but applicable to clear ocean water. This objective was achieved. The results are re-
corded in figures which foliow. Actually, much more than this was achieved. Laser propagation has been
measurcd in waters having a wide range o1 «/nratios.  Ocfo. explorations of ocean conditions couid pro-
ceed, however, it was essential to simulate the a/a ratio of the water at Diamond Island and measure
this in the tank for comparison with the measurements made previously at Diamond Is!and.

COMPARISON WITH FIELD DATA

The total powei received by a spherical cap centered on a laser beam at various distances was mea-
sured at the Visibility Laboratory's field station at Diamond Island, New Hampshire in 1966. Both the
distance of tne cap and its angular radius wers varied. n all cases the center of the spherical surface
was at the point where the laser beam entered the water; see diagram on page 7-32.

The light source used was a submergible RCA frequency-doubied neo ymium-ion glass laser producing
20 nanosecond pulses of low-coherence light having a nemina' wavelength of 530 nanometers. The water
was characterized by an attenuation length of 1.4 m/In and a beam spread parameter a/a - 4,04 at the
laser wavelength, The quality of the best of these field data was only moderate by laboratory standards.




. Corresponding measurements were made in the laboratory tank using 514.5 nanometer light from a
steady burning argon-ion laser configured to produce high coherence. The water had an attenuation length
of 0.225 m/In and a beam spread parameter a/a = 4,00 at the laser wavelength. Figure 7-17 shows com-
puter plotted curves of these data. They are plotted in terms of the dimensionless source distance ar from
0 to 23 attenuation lengths. The angular radius of the spherical cap (y) is from 0.1 to 100 degrees, as in-
dicated by a vertical column of numbers at the right of the diagram.

Four columns of black dots in Fig. 7-17 represent comparison data obtained at Diamond Island. The
satisfactory agreement between the two bodies of data strongly supports the validity of off-axis irradiance
measurements at mode! scale in simulated natural waters.

TOTAL POWER ON SPHERICAL CAF
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EFFECT OF POLARIZATION

The laser light was inherently polarized. The final elemani of the prisem train was a lir aar polarizer
which insured that the output beam would have a fixed stata of polarization. Tests disclosed that off-axis
irradiance is remarkably unaffected by the state of polarization of the laser beam.T A minor effect (a few
percent) on measured irradiance can be datected at small off-axis angles below 3 or 4 degrees. At greater
angles the effect of polarization quick!y vanishes. The greatest off-axis angle at which the difference in
irradiance hetwean vertical and horizontal E-vector nositions exceeded the threshold of photoslectric de-
tection (about 0.1 percent) at any range in any water was 7 degrees. The irradiance collector was not
polarization sensitive. All irradiance data in this report were taken with tha E vector verticai.

EFFECT OF BEAN SHAPE

The laser beem has rircutar cross-sectional symmetry, but cylindrical lenses (up to 16 diopters) were
sometimes put in the water outside the air tube to produce assymmetry, The major axis of the resulting
fan-shaped beam could be rotated by turning the cylindrical iens in its own plane. Mvuch as in the case of
polarization, beam shape and orienation had no detectable effect on measured irradiance beyond oft-axis
angles of 3 degrees cr less.

7.7 IRRAD!ANCE OFF-AXIS IN CLEAR OCEAN WAT-R

Clear ocean water was simulated in the laboratory tank by making the beam spr2¢ ' paremeter a/a - 2.5.
(Actually, a/a = 2.49.) Figure 7-18 shows the measured off-axis irradiance (point ) and curves drawn

through these points by the computer.

The rising trend of these data at off-axis angles (y) greater than 80° was observed consistently but has
not yet been fully explored. It may be attributable to the rapidly increasing volume of lighted water which
contributes effectively to the received irradiance.

t The volume acattering function (a single-scatter, highly directional qusuntity? does depend on the state of

polarization, particularly with polarization-sensit:ve detectors.

7-18
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The irradiance data in Fig. 7-18 have been integrated to produce a family of curves in Fig. 7-19. These
show the total power on spherical caps having angular radius y.

The nearly spherical nature of the irradiance functions below y = 10° are responsible for the long,
nearly straight, inclined portions of the power curves at long dimensionless distances (ar). The same in-
formation is displayed in another, more familiar form, by Fig. 7-20. It will be noted that the spread of the
curves in Fig. 7-20 is less than those in Fig. 7-17, which represents water for which a/a = 4.0.
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The spreading of laser beams in water is illustrated in polar cocrdinate form by Fig. 7-21.  The figure
is drawn as if a laser submerged in uniform water at the origin of the plot is injecting a beam of lLight up-
ward along the 0°radial. The first curve is the boundary within which 10 percent of the total power reach-
ing the distance ar is contained; it should be thought of as gensrating & surface of revolution about the
0°radial; i.e., about the laser beam. The raggedness of the 0.2 fractional power boundary is caused by
the necessity for taking smali differences between large numbers during the computation.

FRACTIONAL POWER BOUNDARIES
TEN FERUENT INCREMENTS

e ALDHAZA = 049

Frg. 721




7.8 OFF-AXIS IRRADIANCE IM OTHER WATERS

Vary clear ocean water occurs in vast central ocean areas, but watets ttiaving higher ratios of «/a are
prevalent on continenial shelves and elsewhere. Beam spread {a/a) and water clarity (1/a) do not vary
together in any simpiv way throughout the oceans. This complexity is iliustrated by Table 7-1, in whicih
locations are arranged in descending order of water clarity (first column) and beam spread (second
coiumn), respectively. The numerical values were generated chiefly from data published by Jerlov. They

pertain to blue light rather than green.

Tabie 7-1. Comparison of Ocean Waters

Water Clarity Beam Spread
\Attenuation Length) {a/8)
(465 nm) (465 nm)
Eastern Mediterranean 15.4 m/In Western Pacific 3.6
Sargasso Sea 141 Sargasso Sea 3.5
Western Pacific 11.8 Carribean 3.6
Fed Sea 9.8 Northeastern Atlantic 3.1
Carribean 8.7 Eastern Mediterranean 3.1
Northeastern Atlantic 6.3 Red Sea 2.2
Galapagos Istands 5.2 Galapagcs islands 2.1
Diamond Island (530 nm) 1.4 Diamond [stand {530 nm) 4.6

Six waters ranging from a/a = 2.49 10 «/a - 5.88 were medsured in the laboratory tank. Data for cach
water {except a/a = 4.00) are given by a set of four plots like Figs. 7-18 through 7-21 in section 7.7.
Trase nlots show off-axis wrrediance, total power on spherical caps, and fractional power boundaries

thieuchout the space surrounding the laser beam. The 6 sets of figures are histed in Table 7-2,

Table 7-2. Duata for Simulated Ocean Waters

a/a Figure Numbers

2.49 7-18 thiough 7-21

3.29 7-22 through 7-25

4.00 7-17 .
4.57 7-20 through 7-29

4.86 7-30 through 7-33

5.88 7-34 through 737
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7.¢ AN EQUATION FOR ENGINEERING USE

It is obvious that enginears will need data on the perforimance of underwater laser systems in other
types of water and at other wavelengths than those that have beein measured in this study. They will ailso
need data at intermediate distances. There is a need, therefore, for tractable closed-form equations that
summarize all of the findings and data that are displa'ad by the oreceding plots and serve automatically
to interpolate these results for other waters, other waveiengths, and other distances. Computer programs
based on such equations will enable design compromises to be axpiored by means of parametric

calculations.

/.n empirical equation for off-axis irradiance was produced and computer tested at ranges from 0.5 to
21 attenuation Iengths.* It has been compared against data from the tank having a/a ratios ranging trom
2.5 to 6.88. it has been used to predict irradiance functions and power functions from a/a = 2.0 16 10. {n
these extrapolations beyond our prasent experimantal data, the oredicted irradiance curves and power
J curves look very reasonable. We believe that the equation is an engineering too! for parametric studies
that can be used to pred t the irradiance produced by underwater lasers in virtually any kind of natural
{ water, at any wavelangth, at any off-axis ingle up to 90° and at any range from 0.5 to, at feast, 20 atten-

uation lengths.

The diagram helow illustrates the geometry to which th2 equation appiies. It represents a submerged
laser sending a beam horizontally to the vight. irradiance is measured at a constant radius r from the
point at which the light baam enters ihe water. The off-axis angle is measured by y. When the irradiancs
data are integrated to obiain the total power 01 a spherical cap, y is the angular radius of the cap.

N
>‘ H{y)
3 )/ g \
Coasen g —
/
/

e . Lo . e (s
*Au enrly, spparent success in formulating an cmproica! equation for engineering use had the form POAY: Pe (ert s a)f .

where Ply) is the totul power received by nocentered, sphorc ot of angalur radias v Pooas the total boam power

produced by the tuser, and p o denotes v function ot a ‘s, e, ana v in aostructure ot neowplete gumme-functions. Al

J though this equution fitted the power carces welt it wan soon discovered that the pretial denivative of POy with re-

spect oy did not represent the tradincs datae Inasmuch as these data are the ones v peiniry mportanee from an

Caginecriip sta point the carly cquation wias abandoned, Sohsognent effort wis devoted coiirely to obtainang e

parceal eguidion cor olf-axas yradionce. The altinate result was cguation 7-1T as give v thes sectios
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The equation for spectral irradiance H{v) produced a* any of{-axis angle , by o laser having mono-
chromatic power output P is

Hiy)  19ACyB

= {7-1)
P 2ar? siny
where:
A= 1.260 - 0.375 (a i,)[0.710 - 0.489 (@/a)" '] _ {0.263 + 0.083(a/a)] 10-ta n{1.378 + 0.053(a/a)} )
B=1-2(107D),
i 0 VAN N
= | 1 [ ) ,
3t E
D = {an)[0.018 +0.011{a/a) + G.001725(u«r}] , and
E = (13.75 - 6.501 {a/a}] - [0.626 - 0.0357 (a/a)] (ar) + [0.01258 + 0.00354 {a/a) ] {a n2 .
B Inspection of the equation shows that ihe computed numerical enswer is in terms of irradiance per unit

of laser power. That is to say, if the equation predicts an rradiance H at some off-axis angie and at an
actual distance of, say, 100 feet, this means that the irragiance at that point in tire light field is H watts
per square foot for each watt of tot2l beam power produced by the lasir.

Inspection of the right hand member of Eq. (7-1) shows that the denominator has a form which arises
from tne differential sclid angle and a numerator which is governed by three exponents, A, B, and C, iden-
tified below. The functions A and B cortrce! the magnitude and slope, respectively, of the irradiance
curves at an off-axis angie of abou: 1°. The function C controls the shape of the irradiance curves at
large off-axis angles. It will be noted that A, 3, and C are functions of the dimansionless distance ar,
the beam spread parameter «/a, and, in the case of C, also the off-axis angle y.

FIDELITY OF THE 1RRADIANCE EQUATION

Equation (7-1) was developed from the laboratory data listed in Table 7-2.  The fidehty with which it
reprasents the experimental results can be judged from Figs. 7-38 through 7-41. In these tigures the data
aere represanted by points and ihe curves were plotied from Ea. (7-1). It is believed that the data for
a/a =249 and «a = 5.88 ere of siightly higher quelity than those for «.’a - 3.29 and 4.86.  Accurdingly,
somewhat mere weight was given to them in fitting the constants in Eq. {7-1).

The comparisons between he dala and the computer gencrated curves based upon tq. (7-1) seem clearly
to demonstrate that the equation s adequate for use in the engineering design ol laser systems for use n
water.  Parametric studies for optimization of such designs sheuld be strainhtforward and as rehable as

the input dute o and a
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Off-axis irradiance displayed in Figs. 7-18, 7-38, and similar plots is given in relative units. Users

wishing numerical values like those produced by Eq. (7-1) should multiply relative irradiance read from
these figures by 4.98x103. This factor allows for the finite size of the irradiance collector shown in
Fig. 7-6b.

7.10 SPECIAL USES OF THE EQUATION

It is interesting to use Eq. (7-1) to explore the effect of even smaller values of the beam spread pa-
rameter a/a. Predicted irradiance distributions for a/a =-2.00 are given in Fig. 7-42; corresponding curves
for total power on spherical caps are in Fig. 7-43. Sets of predicted power curves for a/a = 1.50, and 1.25
are in Figs. 7-44 and 7-45, respectively. The dramatic ‘‘closing of the fan’’ is obvious. This result pre-
dicts improved resolution in underwater imagery whenever a/a is small, subject however to certain re-
strictions sst forth in the following paragraph.

IRRADIANCE: TOTAL POWER ON STHERICAL CAP
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OFF-AXIS IRRADIANCE AT OTHER WAVELENGTHS.

Distributions of off-axis irradiance can be calculated by means of Eq. (7-1) for light beams of any
wavelength for which the constants a and a are known. Optical oceanographic data, while presently not
extensive, are becoming increasingly available. Instrumentation for their measurement at sea is improving
and becoming more common. Monochromatic data on a and a throughout the usable spectrum are rare
and sorely needed. Fig. 7-46 is an attempt to infer the spectral shape of the beam spread parameter a/a
from classical published measurements by E. O. Hulburt {J. Opt. Soc. Am. 35, 698(1945)) on distilled water
and the assumption that the total volume scattering coefficient is, to a first approximation, independent of
wavelength; it illustrates that beam spread diminishes significantly as wavelength is. increased from the
green region of the spectrum through the yellow to the orange. This implies improved resolution and image
.- quality, as suggested by Figs. 7-20 through 7-45. It should be noted, however, that the attenuation Iehgth

(1/a) decreases as wavelength increases (see Fig. 2-8). At any fixed actua! distance (r), therefore, an

increase in waveiength requires that the power curves be read at successively larger values of the dimen-
sionless distance {(ar) in progressing from Fig. 7-20 through Figs. 7-43, 7-44, and 7-45. Thus, there is
an inherent compensation which makes any increase in resolution gained by using successively longer
wavelengths be a much smaller, less dramatic effect than might be inferred from a casual inspection of the
above sequence of figures. Additionally, it is important to recall that greater ar requires increased
power or longer integration time.
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8. DESIRABLE FURTHER WORK

The body of data and th~ engineering eguations presented in the foregoing sections, as well as numer-
ous other findings and conclusions throughout the report, have achieved the goals for which the program
was undertaken. Engineers involved in the design of underwater lighting for imagery and underwater com-
munication now have information needed for optimizing the design of equipment. Neveitheless, some

valuable continuing research, identified below, can and should be dore.

Light from lasers producing t’rains of sub-nanosecond pulses, perhiaps in the regime of 10's of pico-
seconds :.ay be affected by Type 2 puise stretch and possibly by nonlinear effects of several kinds. A
fruitful path for future research hies in continued experiments using the short pulses generated by mode
jocked lasers. but these cannct be performed meaningfully at mode! scale since the velocity ot hight in
water is fixed. Full scale experiments in the ocean are needed. not only n conncction with Sub-

nanosecond systems . but aiso to verify the results described in this report of the Teboratory model scate
stucdies of quasi-steady laser Light propagation

Application of Eq. 7-1 to the prediction of the underwater highting produced by submerged tuminanes

is now feasible with computers  since the output of dny luminare may be regarded as a properly werghted

ensemble of small beams of ight. The cortnbubion due to each such beam throughout the hghted fietd

van be found by means o 7q 0 7 1 and these contnibutions can he summed Submarine radiance by day.

Hight and skylight can be catcutated ty an analogous way  Thus  a basis has been providea tor develop-
ment of proecedures for many forms of thummating eogipeenng i wiet
Optical mceanugrapmic data, particulatly morochromatic optical cansiants of ocean waters as fune

tons of depth, are msufficiently avarlable and are sorely necded
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The three HOA underwater lasers used i successive years at Diamond tsiand were Ihaned by the

U. S. Navy Bure: - Ships (1964), the U. S, Naval Urdnance Test Station (1965), and the U, S. Maval Air
Developmenr Ce. 966). In 1965 Floyd Kinder, Servy Gilbert, James Jurnigan, and others represented
NOTS at Diamor. ad, where they used the underwater tower, track, and facilities with equipment of

their own for indepeadent experinents. ln 1965 and 1966 NADC representatives Lawrernce Ott Charles
Haney, Robert F. Morrison and others were at Diamond tslond for extended periods to participate in the
experiments. At NADC, Cyrus Beck and Geurge Eck joined in many technical discussions. NADC con-
tracts with the Visibility Laboratory piovided for the development of some of the instruments used at
Diamond Island; they also shared in paying certain costs of these fiald experiments. Later, an NADC
comtract patd for constructing the laboratory tank described in Section 7 of this report. The argon-ion
laser used with that tank was bought with funds from the U. S Nava! Ordnanca Laboratory Center. The
basic instrumentation of the iaboratory tank and most of the research funds were from QNR.

Research in lighting for underwater photographv was funded via ONR by the U. S. eological Survey
of the Department of Interior. The USGS was represented at Diamond Island by Raymond Nelson during
the 1965 experiments.

The underwater laser experiments at Diamond Island were made possible by the outstinding support
of the Radio Corporation of America, who made the three underwater lasers that were used in successive
vears. The RCA laboratories, located v nearby Buriington, Massachuselts, gave immediate service on
the submergible lasers. Without their splendid cooperation the nearly continuous experimental schedules
could not have beex maintained and the program would not have achieved its goals. RCA engineers Edward
Kornstein, Howard Okoomian, Tom Knowland. Anthony Luce, and Bertram Clay serviced the lasers both
in their laboratory and at Dramond Isiand,

The research on underwater lighting at Diamona Island could not have been performed without the
Tacihities established there by the U. 5. Navy during the 1948-1959 ara of research on submarine daylight.
Captam Dayton R. E. Brown, USNR. cf the U. S. Navy Bureau of Ships was responsible in large measure
for enabling the field station to be developed and equipped. For a considerable period during the 1950°s
the tield station at Diamond Isiand was operated by the Bureau of Ships, through Captain Louis B. Melson ,
Capt. D R. E. Brown, and many other officers. Capt. Brown’'s personal participation in the research at
Dramond Island durtng the 1950°s was an important contribution to that work; the subsequent underwater

laser program used all of the field station facilities whicn he had been instrumental in establishing.

Tre owner of Diamond Island, engqineer Fredrick C. Spooner hosted the research durtng its initial
years ond participated in the construction of some of the field station faciiities. His continuing cordial
intecest throwghout the subsequent underwater laser program contr'buted 1mportantly (o 'ts success. The

conperaticn anc assistance of David Spoorwer 15 also gratefully acknowledged.

A mager fraction of all employees of the Visibitity Laboratory, pas' and oresent, have pariicpaied
in the resech at Diamond istand Orly a few whose spectfic contribuions (o the rosearch on underwater
hghting wan mdaper witl by meationed. Fiost among these g Clarence bred Pinkbam, who supenintendod
the Breld station from 1940 1o 1A66 and particpated noits every techincal sotivity No oxperiment men-
tored i this peport can be qeowiately cecaunted without descriomig Bred Pinkham's ompo-tant cole bven

W ok o the shoratory cans w e condactod witn faca e s wboon e cosstiuc bed,
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Al of the: Diamond tsland non-laser data in this report were recurded by engineer Charles W. Saunders.
The corresponding technical role for the experiments with submerged lasers was by engineer Fluyd D.
Miller. On-the-spot reduction of the non-laser data was by Roger A. Howerton. Physics graduate student
John C. Marhey reduced alt laser Jata at Diamond Island. The laser data taken in the laboratory tank were
recorded and reduced by graduate student Wayne H. Wilson. Graduate students Gilbert Van Dyke and
Morgan Morley assisted. Operation of the underwater lasar and other submerged devices was by a team
of wcuba divers supeivised by graduate student Don Cleweld.

The engineering design of the special optical, mechanical, and electronic equipment used at Diamond
Island and in the laboratory tank is the work of a talented team of engineers, designers, and technicians
under the guidance of Reszarch Engineer Roswell W. Austin and Senior Development £ngineer Theodore J.
Petzold. Principal Photographer John C. Brown made important contributions to Section 3 and to many
other portions of this report.

Special mention must be made of the versatile contributions of engineer James Cameron Bailey to
every aspect of the experiments at Diamond Island in 1965 and 1966, and to the construction of the
laboratory tank facility. He also made the survey of ocean sites described in Section 7.2,

The equation for enginearing use given in Section 7 is the work of graduate student Wayne H. Wilson.
His extensive computer studies of all laser data, including both those from Diamond Island as well as
from the laboratory tank, are responsib'e for ail of the computer-drawn figures in Section 7. Wilson's role
in all of the latter stages of the work described by this report cannot be overemphasized.

Special mention must be made of the important salary support to this program provided by the Univer-
sity of California and the Sea Grant College Program.
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Light in the Sea*

SEIBERT Q. DUNTLEY
Visibility Laboralory, Scripps Institution of Oceanography, La Jella, California
(Received 27 August 1962)

Light in the sea may be produced by the sun or stars, by chemical or biological processes, or by man-made
sources. Serving as the primary source of energy for the oceans and supporting their ecology, light also
enables the native inhabitants of the water world, as well as humans and their devices, to see. In this paper,
new data drawn from investigations spanning nearly two decades are used to illustrate an integrated account
of the optical nature of ocean water, the distribution of flux diverging from localized underwater light sources,
the propagation of highly coilimated beams of light, the penetration of daylight into the sea, and the utiliza-
tion of solar energy for many purposes including heating, photosynthesis, vision, and photography.

INTRODUCTION

N interest in the aerial photography of shallow
ocean bottoms prompted the author to begin,
nearly 20 years ago, a continuing experimental and theo-
retical study of light in the sea. Some of the principles
discovered or extended and generalized by the author
and his colleagues are summarized in this paper. Early
discussions with E. O. Hulburt and D. B. Judd as well
as publications by many investigators! provided a valu-
able starting point. By 1944 the author was using a
grating spectrograph, specially designed by David L.

* Most of the investigations described in this paper were sup-
ported by the Office of Naval Research and the Bureau of Ships of
the U. S. Navy. Grants from the National Science IFoundation
have also aided the work. At certain times in the past the research
was supported by the National Defense Research Committee and
by the U. S. Navy's Bureau of Aeronautics.

1See E. F. DuPré and L. H. Dawson, ‘“Transmission of Light in
Water: An Annotated Bibliography,” U. S. Naval Research
Laboratory Bibliography No. 20, April, 1961 for abstracts of 650
publications by over 400 authors in more than 150 Swiss, German,
French, Ttalian, English, and U. S. journals and other sources from
1818 to 1959.

APPENDIX A

MacAdam, in a glass-bottomed boat off the east coast
of Florida 1o obtain the spectroradiometric data shown
in Fig. 1; the presence of reefs and sandy shoals show
clearly in the green region of the spectrum.? When the
spectrograph was flown in an airplane 4300 ft above the
same ocean locations, the radiance spectra shown in Fig,
2 were obtained.** The data in Figs. { and 2, displayed
in colorimetric form by Fig. 3, exhibit many intricate
and beautiful phenomena which are manifestations of
some of the physical principles discussed in this paper.

The importance of light in the sea is apparent when
it is recalled that solar radiation supplies most of the
energy input to the ocean and supports its ecology

8. Q. Duntley, Visibility Studies and Some A pplications in the
Field of Camouflage, Summary Tech. Rept. of Division 16, NDRC
(Columbia University Press, 1946), Vol. II, Chap. 3, p. 212.

3See ]. G. Moore, Phil. Trans. Roy. Soc. (London) A240,
163(1946—48) for 2 method of using such data to determine depth
and attenuation coefficients of shallow water.

4 See G. A. Stamm and R. A. Hengel, J. Opt. Sec. Am. 51, 1090
(1961) for data on the spectral {rradiance incident on the underside
of an aircraft flying above the ocean,
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through photosynthesis. The biological productivity of
an acre of ocean has been estimated to be, on a world-
wide average, comparable to that of an acre of land.
Most of the surface of our “water planet” is covered by
seas and its atmosphere contains great quantities of
water in the form of vapor and clouds. Light in the sea
enables the native inhabitants of the water world to
find their food and to evade attack. Nowhere in nature
is protective coloration more perfectly or dramatically
displayed than in the feeding grounds of the sea. Man
and his cameras may view underwater scenes by means
of daylight or with the aid of artificial lighting devices.
Many biological organisms, including some living at
very great depth, produce their own light at or near the
wavelength for which water is most transparent, pre-
sumably both for vision and for signaling. All of these
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F1c. 1. Spectroradiometric curves of light from the nadir reach-
ing a spectrograph mounted in a glass-bottomed boat over shoals
off Dania, Florida (March 1944). Spectral resolu‘ion; 7.7 mu;
spatial resoiution: 2.0X10~¢ sr, .

aspects of light in the sea can be treated by describing
the optical nature of ocean water, the distribution of
flux diverging from localized underwater light sources,
the propagation of highly collimated beams of light,
and the penetration of daylight into the sea. An inte-
grated account of these topics is the subject of this

paper.
OPTICAL NATURE OF OCEAN WATER

Most of the optical properties of ocean water as well
as many of the principles which govern the propagation
of light in the sea can be studied by injecting a highly
collimated beam of monochromatic light into otherwise
unlighted water and measuring all aspects of the re-
sulting distribution of flux. This investigative approach
cven provides a basis for understanding the distribution
of daylight in the sea and the submarine lighting pro-
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Fi1c. 2. Spectroradiometric curves of light from the nadir reach-
ing a spectrograph in an airplane 4300 ft above the same ocean
locations as in Fig. 1. Spectral resolution: 7.0 mg; spatial resolu-

tion: 3.2X107% sr.

duced by artificial underwater light sources, for any
optical input to the water may be represented by an

appropriate superposition of highly collimated, mono-

chromatic beams. The following paragraphs describe a

variety of experiments which have been made by using

a collimated, underwater light source, shown schemati-

cally in Fig. 4, at the Visibility Laboratory’s Field

Station at Diamond Island, Lake Winnipesaukee, New

Hampshire.

Attenuation of a2 Collimated Beam

If a collimated beam of monochromatic light is in-
jected into macroscopically homogeneous water by
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F16. 3. CIE chromaticity diagram showing loci of the colors of
ocean shoals as scen from an altitude of 4300 it (shorter curve) and
from a glass-bottomed boat (longer, upper curve). The points were
calculated from the spectral radiance data in Figs. 1 and 2. The
circled point represents CIE source C.
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g WATER TIGHT ENCLOSURE

L(:DMCENYRATED ~ARC LAMP

['16. 4. Schematic diagram of the highly collimated underwater
light source represented by a cross-hatched block in Figs. 5, 6, 7,
13, 20, and 21. This source was uscd in obtaining part or ail of Wiz
data presented in Figs. 9, 10, 12, 17, 18, 20, and 72. Interchange-
able 2, 10, 25, and 100 w zirconium concentrated-arc lamps in a
water-tight air-filled enclosure produce nominal total beam spreads
of 0.010°, 0.046°, 0.085°, and 0.174°, respectively, when used with
a Wratten No. 61 green filter and a specially onstructed air-to-
water collimator lens having an effective firet focal length of
495 mm. Th's lens, designed for the author Ly Tustin J. Rennilson,
is a cemented doublet 55 mm in diameter havng radii r,=269.75
mm, re=ry=102.60 mm, r,=—325.0 mm aid axial thicknesses
8 =3.0+£0.2 mm, {3=6.53+0.2 mm. The first element is of Hayward
LF-2 glass (Np=1.5800-:0.0010; »=41.0) and the second is of
Hayward BSC-1(¥ p=1.5110-+0.0010; »=63.5). The free aperture
is 50.0 mm. The first back focal length of the doublet with its last
surface in water is 493.88 mm. The air-glass surface was treated
for increased light transmission. The achromatization is such that
with the 2-W concentrated-arc lamp the extreme ray divergence is
0.0031°, 0.0039°, and 0.0109° at 480, 520, and 589 muy, respectively,
when the lamp is used in fresh water having a temperature of 20°C.
A Wratten No. 61 green filter was used during all of the experi-
ments with this lamp, but it does not appear in Fig. 4 because it
was always incorporated in the photometer or the camera. An
external circular stop (not shown) can be mounted in the water
close to the lens whenever a smaller beam diameter is desired.

means of an underwater projector, as suggested by
Fig. 5, it is found that the residual radiant power P,°
reaching a distance r without having been devialed by
any lvpe of scallering process is '

])r[):Pne——ar’ (1)

where P, represents the total flux content of the beam
as it leaves the projector. The zero superscript on P,°
denotes the zerv.scatlering order, i.e., nonscattered radi-
ant power. The speciral rolume cltenuation coefficient o,
defined by Eq. (1), has the dimension of reciprocal
length and can be expressed in natural log unils per
meler (In/m), natural log units per foot (In/ft), etc; it
is a scalar point function of position which may vary
along any underwater path of sight if the water is
macroscopically nonhomogencous.

The attenuation of a beam of light by water results
from two independent mechanisms: scatfering and ab-
sorplion. Scattering refers to any random process by
which the direction of individual photons is changed
without any other alteration. Absorption includes all of
the many thermodynamically irreversible processes by
which photons are changed in their nature or by which
the energy they represent is transformed inlo thermal
kinetic energy, chemical potential energy, and <o on.
Transformation of photon energy into thermal kinetic

PP" ————
(- r —

Fic. S. Illustrating the geometry of Eq. (1). The cruss-hatched
block represents the collimated underwater light source (projector)
shown schematically in Fig. 4.
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energy of the water is the major absorption mechanism
in the occan. Photosynthetic conversion of light into
chemical potential energy is, of course, measurable and
vital to the existence of life in the sca. Visible light
fluorescence and transpectral effects are ordinarily too
m'nute to be detected in occan water. The volume atten-
vation cocfficient « is the sum of the volume absorption
cofficient @ and the tolal volume scallering cocfficient s
thus a=a-}s.

Wavelength dependence. The altenuation coefiicient of
all water (pure, distilled, or natural) varies markedly
with wavelength. Typical data are summarized in
Table I, wherein the reciprocal of the volume attenua-

tion coefficient, called atlenuation length, has been tabu-

Jated rather than attenuation coefficient for three rea-
sons: (1) a distance is easier to visualize and to remem-
ber than a reciprocal distance; (2) visibility calculations
and many experiments by swimmers show that any large

TasnLg I. Attenuation length of distilled water
at various wavelengths.*™¢

Wavelength Attenuation length (1/a)

my meters/In
400 13.
40 22,
480 28.
520 25.
560 .19,
600 5.1
650 33
700 1.7

» E. O. Hulburt. J. Opt. Soc. Am. 35, 698 (1945).

b For ultraviolet gtte:uation data see L. H. Dawson and E. O. Hulburt,
J. Opt. Soc. Am. 24, 175 (1934). X

o For near infrared attenuation data sec J. A. Curcio and C. C. Petty,
J. Opt. Soc. Am, 41, 302 (1951).

dark object (such as a dark-suited swimming compan-

fon) is just visible at a horizontal distance of about 4
attenuation lengths when there is sufficient underwater
daylight; (3) many physicists like to characterize any
absorbing-scattering medium (such as water) by the
mean free path for a photon in the ordinary kinetic
theory sense; this is the attenuation length 1/a. The
term, “20-meter water,” signifying water having
an attenuation length of 20 m/In, facilitates verbal
discussions.

Water possesses only a single important window, the
peak of which lies near 480 my unless it is shifted toward
the green by dissolved yellow substances. Such yellow
solutes, usually prominent in coastal waters, consist of
humic acids, melanoidins, and other compounds which
result from the decomposition of plant and animal ma-
terials. Clear ocean water is so selective in its absorption
that only a comparatively narrow band of blue-green
light penetrates deeply into the sea® (see Fig. 1) but
this radiation has been detected at depths greater than
600 m with a multiplier phototube photometer.®

s J. . Tyler, Limnology and Oceanography 4, 102 (195%).
¢S5, . Duntley, Natl. Acad. Sci.—Natl. Rescarch Council
Publ. 473, 79 (1956).
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Many have wondered whether there exists any fine
structure in the volume attenuation function which was
beyond the spectral resolution available to the investi-
gators whose results are summarized by Table I. Is
there, for example, a narrow-band window of high trans-
mission? It is the concensus of most physicists that the
atomic and molecular structures involved in water
provide no reason to expect any significant fine struc-
ture in the spectral attenuation function. A careful
spectroscopic examination of the region from 3750 to
6850 A with a resolution of 0.2 A and sensitivity suffici-
ent to detect a variation of 0.02 In/m in the attenuation
coefficient has been reported by Drummeter and
Knestrick.” They detected no fine structure, i.e., no
narrow-band window.

Water Clarity

The clearest body of ocean water of large extent is
reputed to be in the Sargasso Sea, a vast region of the
Atlantic Ocean east of Bermuda. Jerlov has reported
very clear water between Madeira and Gibraltar,® as

Tanre II. Attenuation length of the Atlantic Ocean for wave-
l(gngth] 465 myu at various depths in the vicinity of Madeira and
>ibraltar.s

Depth Attenuation length (1/a)
meters meters/In
0-10 19
10-25 20
25-50 18
50-75 15
75-90 16

(l;61\11). G. Jerlov, Kgl. Vetenskap, Vitterh, Iland). F.6, Ser. B, BD8.N:ni1t

summarized by Table II. Although clearer water was
found at 10 m depth than at 90 m at this location, the
reverse is often true elsewhere. Optical oceanographic
data are not numerous. Jerlov’s measurements during
the Swedish Deep Sea Expedition of 194748 are classi-
cal examples. Table III shows some of these data se-
lected to typify certain indicated locations.®

DuPré and Dawson' give many references to water-
clarity data; users of published data should note care-
fully whether the attenuation coefficients reported are
expressed in In/m or in log/m and whether the values
refer to the attenuation coefficient « for nonscattered
light, as in a collimated beam, or to some form of dif-
fuse allenuation coefficient K, discussed later in this
paper. No single number can adcquately specify the
clarity of any natural water because two independent
mechanisms, absorption and scattering, govern water

7L. F. Drummeter and G. L. Knestrick, U. S. Naval Research
Laboratory Rept. No. 5642 (1961).

® N. G. Jerlov, Kgl. Vetenskap. Vitterh. Handl. F.6, Ser. B,
BDS8. N:o 11 (1961).

? N. G. Jerlov, Reports of the Swedish Deep Sea Expedition of
194748 (1951), Vol. 111, p. 49, Table 27.

LIGHT 1IN

THE SEA

TanLe TII. Attenuation length of ocean water for
wavelength 440 mu at various locations.®

Attenuation length (1/a)

Location meters/In
Caribbean 8.
Pacific N. Equatorial Current 12
Pacific Countercurrent 12
Pacific Equatorial Divergence 10
Pacific S. Equatorial Current 9
Gulf of Panama 6
Galapagos Islands 4

s N. G. Jerlov, Reports of the Swedish Deep Sea Expedition of 1947-48
(1951), Vol. 3. p. 49, Table 27,

clarity. Even for monochromatic light, at least two co-
efficients, such as @ and K, are required, and a more
complete specification requires data on the volume scat-
tering function ¢(&#), defined in the paragraphs which
follow.

Daylight, abundant in the mixed layer near the sur-
face, supports the growth of phytoplankton in the bi-
ologically productive regions of the oceans. These, in
turn, feed a zooplankton population. The transparent
planktonic organisms, ranging in size from microns to
centimeters, scatter light and thereby produce optical
attenuation. Settling of the plankton, particularly after
death, tends to produce a high concentration of these
scatters just above the thermocline which ordinarily
exists at the lower boundary of the mixed layer in the
sea.!”” Below the thermocline lies clearer water which
may be opticaliy uniform for tens or hundreds of meters
before some different water mass is encountered. In-
terestingly, the optical structure of the occan resembles,
in a sense, that of the atmosphere if depth is considered
as analogous to altitude and a proper allowance is made
for the decrease of atmospheric density with height.

Scattering

Scattering of light in the sea is predominantly due te
transparent biological organisms and particles large
compared with the wavelength of light. The magnitude
of the scattering is, therefore, virtually independent of
wavelength."! The variation of attenuation length with

19 Multiple thermoclines often form in the upper portion of the
sea; the maximum optical attenuation is associated with the
maximum vertical temperature gradient and frequently falls on a
secondary thermocline. Internal waves shift the scattering layer
vertically. See . C. La Fond, E. G. Barnham, and W. H. Arm-
strong, U. S. Navy Electronics Laboratory Rept. 1052 (July 1961),
- 15. Also see J. Joseph, Deut. Hydrograph. Z., Nr. 5 (1961),

1 Scattering is also contributed by fine particles, by molecules of
water, and by various solutes, but these contributions are usually
quite minor and often difficult to detect. Even in very clear, blue
ocean water scattering by water molecules produces only 7%, of
the total scattering coefficient and is dominant only at scattering
angles near 90°, where it provides more than 2/3 of the scattered
intensity (see reference 8); although the magnitude of this small
component of scattering varies inversely as the fourth power of
wavelength (A7), it is so heavily masked by nonselective scattering
due 1o Jarge particles that total scattering in the sea is virtually
independent of wavelength. The prominent blue color of clear
ocean water, apart from sky reflection, is duc almost entirely to
selective absorption by water molecules.
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I16. 6. Polar diagram illustrating Rayleigh scattering by pure
water. The ratio of the light scattered int: the rear hemisphere to
that scattered into the forward hemisphere is 1 to 1. The cross-
hatched block represents the collimated underwater light source
shown schematically in Fig. 4.

wavelength (sce Table T) is due almost wholly to sclec-
tive absorption.

In the blue region of the spectrum, centering at 480
my, approximately 609, of the attenuation coefficient of
clear, blue occan water is due to scattering and 409, is
due to absorption; e.g., s=0.030 In/m and a=0.020
In/m.® In all other spectral regions absorption is over-
whelmingly predominant in very clear water.

Since scattering is virtually independent of wave-
length its detailed nature is best revealed by means of
experiments conducted at or near the wavelength of
minimum absorption. This means experiments with blue
light in clear, blue ocean water and experiments with
green light in greenish coastal and lake waters.

Scallering by pure waler. Consider a scattering experi-
ment performed in pure water, that is, in water mole-
cules containing no dissolved or particulate matter what-
soever. As in Fig. 6, consider an element of volume dv
receiving collimated, nonpolarized, monochromatic ir-
radiance H to act as source of scattered light, producing
radiant intensity d.J (9) at scattering angle &. Scattering
by the water molecules will be Rayleighian, with
dJ(9)~X~* and with the shape of the intensity function
dJ (9) characterized by (14-0.8335 cos?) (see reference
12). Since even the most elaborately prepared distilled
water samples show particulate matter when examined
in a light beam, scattering by truly pure water has prob-
ably never been measured. ,

Scaltering by distilled waler. A colleague, John E.
Tyler, has performed scattering experiments in many
samples of commercial distilled water'3; Fig. 7 shows a
typical result. Obviously, the scattering produced by
this sample of distilled water is very different from that

F16. 7. Polar diagram illustrating measured scattering by a
typical sample of commercial distilled water. The ratio of the light
scattered into the rear hemisphere to that scattered into the for-
ward hemisphere is 1 to 6 for this water sample. Data are by Tyler
(see reference 13). The scale of this polar plot is smaller than that
used in Fig. 6.

2 L. H. Dawson and I3 O. Hulburt, J. Opt. Soc. Am. 31, 354

(1941).
1 J. E. Tyler, Limnology ~.nd Oceanography 6, 451 (1961).
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predicted for pure water. The predominant forward scat-
tering is caused by a comparatively few Jarge particles.
The dotted curve may be regarded cither as a polar
plot of the radiant intensity dJ(J) or of the volume
scallering  function o(9), defined by the equation
dJ(8)=0c(8) Hdv, where H is the irradiance produced
by the collimated lamp on the volume dv. The dimension
of ¢(&) is reciprocal length; typical units are reciprocal
steradian-meters or reciprocal steradian-feet. The polar
curve in Fig. 7 is not complete; it begins at =22 1/2°
and stops at 3= 165°. All conventional scattering meters
designed to be used in sifu possess the limitation that
they cannot measure scattering at small angles. For-
tunately, the total scattering coefficient s, defined by
the relation

s=2r / o () sinddd,
J0

is insensitive to the magnitude of smali-angle forward
scattering. Unfortunately, however, the propagation
of highly collimated light does depend importantly on
small-angle scattering.

Small-angle scallering. The author has devised a
special (coaxial) in sifu scattering mcter to supply the
missing forward part of the curve. Figure 8 is a schema-
tic diagram of the instrument. It shows the optical sys-
tem adjusted to measure the volume scattering function
at a scattering angle of 1/2 deg. Such a datum was ob-
tained with the coaxial scattering meter at the Diamond
Island Field Station and determines the upper end of
the upper curve in Fig. 9. This may be the first in situ
measurement of small-angle scattering by natural water.
The very large scattering found at small scattering
angles is believed to have been caused primarily by re-

WATER AlR
g o= St RN |
rjji 40\\\‘\\ ‘_:
- ] “NeLass
... - 28 c WINDOW PHOTOTUBE
LAMP

I'16. 8. Coaxial scattering meter for in sity measurement of the
volume scattering function at small scattering angles. In this
schematic drawing the vertical scale has been exaggerated five
times over the horizontal scale in order to illustrate the principle
of the device more clearly. The collimated underwater light
source shown in Fig. 4 is used with the addition of an external
opaque central stop which results in the formation of a thin-walled
hollow cylinder of light. This traverses 26 in. of water to a high-
quality glass window behind which, in air, is a photoelectric
telephotometer with a 2° total field of view. The light source and
the telephotometer are coaxial, but the latter is equipped with an
external stop small enough to exclude the hollow cylinder of light
so that only light «cattered by the water is collected. The cylindri-
cal scattering volume is indicated by cross-hatching. The upper
limit of the scattering angle is determined by the field of the tele-
photometer and the lower limit is set by the size of its external
stop, i.e., by the entrance pupil. A detailed geometrical analysis of
the configuration depicted above shows that the scattering is
measurerd at 0.47 deg=0.15°; this datum is used as the volume
scattering function for 1/2° scattering angle in Iigs. 9 and 10.
Photometric calibration of the scattering meter is achieved by
removing the external stop on the telephotometer,
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fractive deviations produced by the passage of the col-
limated light beam through transparent plankton hav-
ing an index of refraction close to that of waler. The
curve shape at small scattering angles is chosen to sug-
gest that the magnitude of the volume scattering func-
tion may merge tangentially with that of the irradiating
beam at vanishingly small angles.

Chemists have, for many years, made- Iaboratory
measurements of very small-angle scatiering from tiny
volumes of scattering materials.™ Koslyaninov! has re-
ported volume scattering measurements at angles down
to 1 deg by means of a shiphoard laboratory apparatus
using water samples brought on board for measurement.
Figure 10 shows the data of Koslyaninov for the East
China Sea superimposed upon the lake data from iy
9 after normalization at a scattering angle of 90°, as
denoted by the small circle in the figure. The forward-
scattering portions of the curves are similar in shape.
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I'16. 9. Volume scattering function curves for pure water
(Dzwson and Hulburt, see reference 12), the Atlantic between
Madeira and Gibraltar (Jerlov, see reference 8), and the Diamond
Island Ficld Station, Lake Winnipesaukee, New Hampshire. The
upper curve (lake) represents in sifx measurements at 5° intervals
between scattering angles 20°>9>160° by means of a conven-
tional type, pivoted-arm scattering meter and a single datum at
9=0.5° obtained 7in situ with the coaxial scattering meter shown
schematically in Fig. 8; the data are of 20 August 1961; and are
for green light isolated by means of a Wratten No. 01 filter.

“ H. F. Aughey and F. J. Baum, J. Opt. Soc. Am. 44, 833 (1954).
1t M. V. Koslyaninov, Trudy Inst. Okeanol. Acad. Nauk
S.S.S.R. 25, 134 (1957).
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1. 10. Comparison of the shape of the in silu volume scattering
function data for Lake Winnipesaukee, New Hampshire, from
I'ig. 9 with the shape of a curve representing the in vivo scatlering
data obtained by Koslyaninov (sce reference 15) using a shiphboard
laboratory apparatus and a sample of water taken from the Fast
China Sea. The curves have been normalized at a scattering angle
of 90° (circled point) for purposes of shape comparison.

VOLUME SCATTERING FUNCTION

Koslyaninov used blue light isolated by means of an absorption .

filter having an effective wavelength of 494 my; he reported data
at scattering angles of 1, 2.5, 4, 6, 10, 15, 30, 50, 70, 110, and
144 deg. ‘The curves arc similar in shape for scattering angles less
than 60°,

Comparison with distilled waler. I'igure 11 shows a
comparison of 71 situ scattering measurements hy Tyler®
of commercial distilled water and c¢lear Pacific water.
Ocvean water scatters more light than does distilled
water but the similarity of the shape of the curves is
striking and interesting in its implication of the pre-
dominant role of large particle scattering.
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VOLUME SCATTERING FUNCTION

I'16. 11, Comparison of in situ scattering data by Tyler (see
reference 13) in clear Pacific ocean water near Catalina with com-
parable data for a typical sample of commercial distilled water.
Both curves were obtained with the same pivoted-arm scattering
meter and are in the same relative units. The data are for green
light isolated by means of a Wratten No. 61 filter,
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F1c. 12. Comparison of scattering data by seven investigators
using dissimilar instruments in seven different parts of the world.
All curves are superimposed at a scattering angle of 90°, as.indi-
cated by the circled point. Gross similarity in curve shape is
apparent in the forward (0 <9 <90°) scattering directions despite
major differences in water clarity (2 m/In<1/x <20 m/In), spec-
tral region, geographical location, instrumental design, and experi-
mental technique. Most of the scattering in natural waters is
caused by transparent organisms and particles large compared
with the wavelength of light. The scattering is believed to result
chiefly from refraction and reflection at the surfaces of these
scatterers. As a consequence, scattering at small forward angles
predominates and polarized light tends to preserve its polarization.
To the extent that all scattering curves have identical shapes the
scattering by natural waters can be specified in terms of some
single number, such as the total volume scattering coefficient s or
the volume scattering function at some selected angle.

Comparison belween natural waters. A comparison of
the scattering properties of natural waters is afforded
by Fig. 12, which shows a superposition of measurements
by seven different investigators using seven dissimilar
instruments in seven different parts of the world. Three
of the measurements were made with blue light, two
were made with green light, the dashed curve was ob-
tained with red light, and one investigator employed
white light. The attenuation lengths of the waters ranged
2 m/In for the author’s lake data to 20 m/In in the case
of Jerlov’s data for the Atlantic. It appears that the
shape of the forward portion of the volume scattering
function is remarkably similar in all of these natural
waters, but that significant differences occur in the
character of the backscattering they produce.

Although it is a useful first-order concept that natural
waters are somewhat similar in the shape of their
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volume scattering functions, it is important to note
therefore that measurable ditfTerences apparently exist
and that occan water masses might therefore be identi-
fied by their scattering function curves.

Mudtiple scatlering. The propagation of light in the
sea is complicated by multiple scattering. Consider, as
in Fig. 13, a plane surface irradiated at normal incidence
by the collimated lamp shown in Fig. 4. Every point on
the plane reccives scattered light from every volume
clement within the light beam. It receives, moreover,
multiply scattered light from every elementary volume
of water near the beam. In fact, every volume element
within the sea is irradiated by every other volume
element both inside and outside the beam. The figure
illustrates how irradiation is produced throughout
the plane by second-, third-, and fourth-order scattering.

Although thcoretical treatments of the effects of mul-
tiple scattering on the distribution of light in the sea
both from underwater sources and from daylight have
been undertaken with partial success by several workers,
no fully practical solution has yet been evolved. Some
derivations include only secondary scattering and neg-
lect higher-order effects. Others, following the prac-
tice of neutron physics, assume the scattering to be
virtually isotropic, that is to say, the shape of the
volume scattering function is assumed to be spherical or
nearly so; this is, of course, highly unrealistic. Four
patterns of approach characterize the theories: (1)
Multiple integration using the volume scattering func-
tion, the attenuation coefficient «, and the inverse
square law; these treatments suffer from complexity,
are never complete, and may neglect sizeable compon-
ents of flux but some useful approximate solutions have
been achieved in special cases. (2) Diffusion theory. This
applies rigorously only to isotropic or very mildly non-
isotropic scattering systems which are not found in the
sea; nevertheless, considerable success hag been
achieved in the prediction of irradiance at long ranges;
diffusion theory is, however, unable to yield much in-
formation concerning the directional characteristics of
the underwater light field. (3) Radiative transfer. This
method is based upon equations of transfer, sometimes
in vector form; these integro-differential equations are
solved in practice by iterative procedures on the largest
electronic computers. (4} Monte Cerlo procedures. These
also require the use of larg> electronic computers. Al-

F1c. 13. Illustrating the irradiation of an object by multiply
scattered light at arbitrary points inside and outside the light
beam. The dotted curve associated with each cross-hatched
volume element has the shape s1own in Fig. 7 and represents a
polar plot of the volume scattering function. The need for addi-
tional scattering data at small {forward angles is obvious.
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though, in principle, cither of the two latter approaches
appears to be capable of handling all underwater light
propagation problems, neither has thus far achieved
appreciable practical success in the treatment of point
source or collimated beam geometrics, for the calcula-
tions are too massive for even the largest of electronic
computers. Success.has, however, been achieved for the
case of daylight in the sea,’ wherein the development of

“theory and the evolution of practical computation pro-
cedures followed quickly after experimental explorations
of underwater daylight radiance distributions had
produced a body of data, described later in this paper,
from which valid assumptions could be made and against
which predictions could be checked. This experience
prompted the author to begin a program of experimen-
tal explorations of the distribution of light produced by
submerged divergent light sources and hy collimated
lamps underwater. These explorations are still in pro-
gress, but some of the conclusions reached thus far are
summarized in the following section.

DIVERGENT LIGHT IN THE SCA

Marine organisms which emit nearly hemispherical
flashes of light are found at virtually all depths in the
sea. Underwater lighting for vision, television, or photog-
raphy is often accomplished by means of incandescent
lamps or flash tubes which approximate point sources
and emit divergent flux. Quantitative prediction of the
irradiation produced by such lamps at the object, on
its background, and throughout the observer’s path of
sight can enable optimum lighting arrangements and
camera positions to be planned in advance and exposure
to be predicted with sufficient accuracy to permit high-
contrast photographic techniques to be employed
effectively.

Apparent Radiance at the Object

Every underwater object and cvery elementary
volume of water irradiated by a submerged divergent
light source is lighted by an apparent radiance distri-
bution which depends upon the radiant intensity dis-
tribution of the lamp, the optical properties of the
water, and the lamp distance. This radiance distribu-
tion can be seen, photographed, and measured by an
observer stationed at the position of the object. To such
an observer a receding, uniform, spherical lamp appears
to be surrounded by a glow of scattered light which be-
comes proportionately more prominent as lamp dis-
tance is increased, untii at some range, often 18 to 20
attenuation lengths, the lamp image can no longer be
discerned and only the glow is visible. The glow, how-
ever, may be seen for a considerably greater distance,
depending upon the radiant intensity of the source
and the ambient level of light in the sea.

Apparent radiance of the lamp. Densitometric meas-

183V, H. Richardson and R. W. Preisendorfer, Scripps Inst.
Oceanog., Ref. 60-43 (1960).
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T1c. 14. Apparent radiance of a uniform, spherical underwater
lamp at various distances, illustrating the exponential nature of
the attenuation of apparent lamp radiance with distance. Photo-
graphic photometry was employed using a Wratten No. 61 filter
and Eastman Plus X 35-mm film (Emulsion No. 5061-64-16A)
developed to unity gamma in D-76. Exposure time at f/1.5 varied
from 1.75 msec at a lamp distance of 10.5 ft to 180 000 msec when
the lamp was 80 ft from the camera. The source of light was
a 1000-W incandescent “diving Jamp” (No. MG25/1) manu-
factured by the General Electric Company. The 3-in. spherical
lamp envelope was sprayed with a white gloss lacquer in order to
produce a uniform translucent white covering which gave the lamp
the same radiant intensity in all directions (to within ==7%}) ex-
cept toward the base, which was turned away from the camera.
Two or more exposure times differing by 5- or 10-fold were used
at each lamp distance. Open circles represent data from a single
time of exposure; solid points indicate that identical values of
apparent radiance were obtained from negatives made with two
different exposure times. A solid straight line, representing an
attenuation length 1/e=35.00 {t/In, has been drawn near the
points. Dashed lines corresponding to attenuation lengths of
4.72 ft/In and 5.12 ft/In, respectively, represent values measured
by means of a light-heam transmissometer before and after the
all-night experimental session. Cooling of the water during the
night correlated with the observed increase of attenuation length,
presumably due to plankton shrinkage. Data are of 26 August
1959 at Diamond Island Field Station.

urements of the lamp images in a series of photographs
of a receding spherical underwater light source produced
the results shown in Fig. 14, wherein the close fit of the
data to the solid straight line shows that the apparent
radiance of the lamp is attenuated exponentially, as the
equation

2)

where 2\, is the apparent radiance at distance r, Ny is
the infierent radiance of the lamp surface, and « is the
attenuation coefficient for apparent radiance. The
dashed lines, constructed from data sccured with a
light-beam transmissometer designed to conform with
the requirements of Eq. (1), provide evidence that nu-
merically identical attenuation coeflicients « apply in

A-§
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F16. 15. Angular distribution of apparent radiance produced by
a uniform, spherical, underwater lamp at distances of 8.5, 18.5,
29, and 39 feet. The lamp was identical to the one described in
connection with Iig. 14. The photometry was by means of an
automatic scanning, photoelectric, telephotometer having a
circular acceptance cone 0.23° in diameter and with its spectral
response limited by a Wratten No. 61 filter. Attenuation length
was 5.1 ft/In. Data are of 3 August 1961 at the Diamond Island
Field Station,

Egs. (1) and (2), indicating thereby that images are
formed by photons transmitted without being scattered
~and that the contribution of scattered light to the ex-
posure of the image portion of the negative was
negligible.

Apparent radiance of the glow. Distributions of the
apparent radir.nce of the glow surrounding the distant
lamp were obtained by densitometry of the same series
of photographs, but more accurate results have been
achieved by means of an automatic scanning photoelec-
tric telephotometer which was more free from stray
light than was the camera. Distributions of apparent
radiance as measured photoclectrically from the target
position are shown in Fig. 15. The irradiance on any
surface of the target facing the lamp can be computed
from these curves and, if the reflectance and gloss char-
acteristics of the target surfaces are known, the inherent
radiance of the target in any specified direction can be
calculated. If, moreover, the volume scattering func-
tion of the water and its attenuation length are known,
calculations of inherent background radiance, path
radiance, and apparent target contrast can be made
from Fig. 15.

Irradiance at tke Object

The surface of any underwater object is irradiated
by (1) direct (nonscatterec) light from the lamp and
{2) scattered light. The sonscatlered or monopallt iv-
radiance H.? produced at normal incidence by a lamp
radiant intensity J at distance r is given by the rclation

Ho=Je=r/r, (3)

In addition to H,’, the object is irradiated by the
scattered or mullipath irradiance H/*. Thus the iotal

DUNTLEY Vol, 53

irradiance I .= I ,"+11,*. Since If, can bhe mcasured
(see Fig. 16) and H* can be calculated by means o1
Eq. (3), II* can be found by subtraction; thus,
HF=H.—1)

Diffusion thcory'™'® based upon the assumpticn of
isotropic scattering suggests that

HX=JKe Xr/4xr, 4

where K is an attenuation coefficient for scattered light.
If this K is given a value numerically equal to the at-
tenuation function for daylight scalar irradiance %, as
discussed later in the portion of this paper devoted to
daylight in the sea, Egs. (3) and (4), when summed, fit
the data of Fig. 16 within experimental uncertainty
both at short and at long lamp distances; between 10
ft (2 attenuation lengths) and 70 feet (14 attenuation
lengths), however, the measured total irradiance is as
much as twice the predicted values. A semiempirical
modification of Eq. (4) which, added to Eq. (3), fits
the data of Fig. 16 within experimenta! error is

HX*=25(014T¢ %) JKe X7 /4mr. (5)

Effect of beam spread. Underwater sources of diver-
gent light are seldom completely spherical in their
radiant intensily distribution. Many underwater Jamps

(H,) IRRADIANCE (RELATIVE UNITS)
5
7
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(r) LAMP DISTANCE (FEET)

F16. 16. Total jrradiance produced at various distances by a
uniform, spherical underwater lamp at the Diamond Island Field
Station, The solid curve was passed through the data points by
means of a least-squares procedure. The lamp was identical with
the one described in connection with Fig. 14, The photometry was
by means of an underwater photoelectric irradiance meter facing
directly toward the lamp. The spectral response of the irradiometer
was limited by means of a Wraiten No. 61 green filter, The
attenuation length of the water was 5.0 ft/In. Data are of 26
August 1959,

17 8. Glasstone and M. C. Edlund, Elements of Nuclear Reactor
Tiheory (D. Van Nostrand and Company, Inc., Princcton, New
Jersey, 1952), p. 107.

18 R. W. Preisendorfer (private communication).
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cmit roughly conical patterns of flux 20° or more in

total angular extent. Monopath irradiance is, of course,

" unaffected by the beam spread, and the effect on multi-
path irradiance is not large unless the lamp produces a
highly collimated beam. Experiments with an under-
water light source having a continuously variable beam
spread down to 20° resulted in an empirical medification
of Eq. (5) to the form

r*= (25— 15 ]og1021r/ﬁ)
X[1+7(2x/B) 2 X1 Ke % /4mr, (6)

where g is the total beam spread. Equation (6) should
not be used for beam spreads less than 20°.

Equations (4), (5), and (6) have been tested by the
author only at the Diamond Island Field Station, but
because of the similarity in the shape of the volume scat-
tering functions of natural waters, as illustrated by Fig.
12, they may have nearly universal applicability as-ap-
proximations for engineering purposes.

COLLIMATED LIGHT IN THE SEA

Underwater projectors producing beam spreads small
compared with 1° exhibit distinctive properties. When
seen from the position of the irradiated target, the head-
on appearance of a distant, highly collimated lamp is
remarkably similar to that of a broad-bcam lamp at
some lesser range. Thus, the bright disk-shaped image
of the lamp is surrounded by a glow of scattered light,
having an apparent radiance distribution like that
shown in Fig. 17. Although it is difficult to distinguish
a distant collimated lamp from a distant divergent
source when each is observed from within its beam,
radiance distribution measurements reveal subtle dif-
ferences, the nature of which can be seen by comparing
Figs. 15 and 17.

The appearance presented by a moderately distant,
slightly averted collimated lamp is, however, very dif-
ferent from that of its divergent counterpart because
the intense small-angle scattering, common to all natural
waters, produces a readily visible, sharply defined,
nearly cylindrical luminous column extending toward
the observer from the collimated lamp. Near the lamp
and on the axis of this column the monochromatic
monopath irradiance normal to the beam at distance
r is H,.= He", where the irradiance H, in the water
at the lens of the projector is given by Ho=Jy2D2? in
terms of radiant intensity J, total beam spread y, and
diameter D of the light beam. Beyond the distance
r’=D/y, at which the lens replaces the source as the
aperture stop of the irradiating system, H,® is given by

H\'=Je=/ri=Ho > (D/Yry=Hoe/ (/¥ (T)

if diffraction is negligible.

The dashed lines in Fig. 18 illustrate the foregoing
relations applied to the case of three collimated lamps
having a divergence of 1/6° and exit pupil diameters
of 1/300, 2/300, and 8/300 of an attenuation length,

LIGHT IN THE SEA
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F1c. 17. Apparent radiance produced by scattering from the
beam of the highly collimated underwater lamp shown in Fig. 4.
The photometry was by means of an automatic scanning, photo-
electric telephotometer having a circular acceptance cone 0.25° in
diameter and with its spectral response limited by a Wratten No.
61 filter. The beam from the lamp had a divergence of 0.01°; it was
directed toward the telephotometer and filled the entrance pupil
of that instrument at all times. Lamp distances of 11, 20, and 30 ft
were used. Tests of the telephotometer showed that the data in
Fig. 17 are frec from stray-light effects. Attenuation length of the
water was 6.7 ft/In. The data are of 11 August 1961 at the
Diamond Island Field Station. :

respectively. For these three lamps the distances " are
1.15, 2.30, and 9.20 attenuation lengths. The points
at r=r', beyond which Eq. (7) applies, lie within the
diagram for both of the two smaller lamps and are in-
dicated by triangles. In all cases, diffraction will lower
the dashed curves.

The total irradiance H, on the axis of a collimated
beam exceeds the monopath irradiance H,° by the
multipath contribution H,*; i.e., H,=H>-H*. This
is illustrated by the experimental data points shown in
Fig. 18 and the solid curves which have been fitted to
them. In the case of the two smaller lamps the multi-
path contribution was not detected at ranges shorter
than 7/, indicated by the triangle points, but this is not
true in the beam from the large-diameter lamp where
H./* and H,® are approximately equal throughout much
of the range of distances covered by the data. The
steadily increasing separation of the solid and dashed
curves in each of the lower pairs implies that multi-
path irradiance becomes dominant at large lamp
distances.

Data such as those in Fig. 18 can be used to calcu-
late the ratio of monopath to multipath irradiance;
i.e., H% H*. This ratio, independent of the intensity
of the lamp or its radiant power output, is a measure
of the beam content of the light; it is tl.= ratio of image-
forming light transmitted by the water path to the
non-image-forming (scattered) light arriving at the ir-
radiated object. Applications dependent on the reten-
tion of narrow-beam geometrical characteristics, of co-
herence, or of single-valued transmission time may re-
quire that some usable fraction of the irradiance con-
sist of nonscattered (monopath) light. Figure 19 is a
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F1c. 18. Irradiance normal to the axis of the beam of light having
a divergence of 1/6° produced by a collimated underwater lamp
(Fig. 4) at distances up to 8 attenuation lengths is shown by the
data points and the solid lines for beam diameters of 1/300,
2/300, and 8/300 of an attenuation length. The data are of 14
August 1961 at the Diamond Island Field Station; attenuation
length 1/a=6.3 ft/In. Dashed lines represent the monopath
irradiance in each case computed from Eq. (7). Geometrical
divergence reduces the axial monopath irradiance at all lamp
distances beyond the points marked by triangles, which occur at
1.15 and 2.30 attenuation lengths for the two smaller lJamps and
at 9.20 attenuation lengths (not shown) for the largest lamp.
Spreading of the beam by diffraction also reduces the monopath
irradiance at all lamp distances, often dramatically. In a plot
involving dimensionless lamp distance (such as Fig. 18), the
dashed lines cannot be drawn to include the potentially major
effect of diffraction because the wavelength of light is independent
of the attenuation length, but thev should be appropriately
lowered when the figure is interpreted in terms of actual dimen-
sions. The vertical separation between the dashed and the solid
curves in each pair 1s a measure of the multipath irradiance.
Caulion: The data in this figure relate only to the axis of an
aplanatic underwater projection system having a beam spread
¥ =1/6°; they should not be scaled by the ratio D/y; they do not,
for example, apply to the case of ¢y=1/60° and lamp diameters
D=1/3000, 2/3000, or 8/3000 attenuation length.

plot of H,%/H,* for divergent sources. It shows that
for a beam spread of 20°, H,*=H,® at 1.4 attenuation
lengths and that multipath irradiance predominates at
large lamp distances. Experiments now in progress with
light beams of small diameter and high collimation may
produce corresponding curves for collimated lamps.

Irradiance near a highly collimated beam. All of the
foregoing discussion has concerned irradiance produced
on the axis of a collimated beam. Measurements of ir-
radiance outside the light beam at various distances
from the collimated lamp are shown in Fig. 20.
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FiG. 19. Ratio of monopath irradiance to multipath irradiance
produced by a uniform spherical lamp (lower curve) and by the
same source mounted within a blackened enclosure (box) which
limited its emittance to a circular cone 20° in total angular
diameter (upper curve). In producing these curves, monopath
irradiance I,° was calculated by means of Eq. (3) and multipath
irradiance H,* was obtained by subtracting H,° from the total
irradiance data given by Fig. 16 for the unrestricted spherical
lamp and from corresponding data for the 20° case.

Refractive Deterioration of High Collimation

No discussion of the properties of highly collimated
underwater light or image-forming rays would be com-
plete without mention of certain commonly encountered
refractive effects which limit the resolution of fine de-
tail and tend to destroy high collimation. Natural waters
often contain refractive nonhomogeneities of two kinds:
(1) small scale point-to-point variations in refractive
index due, for example, to temperature differences; and
(2) transparent biological organisms (plankton) which
may range in size from microns to centimeters. The
effects of these optical nonhomogeneities has been ob-
served by allowing the beam from the 2-in.-diameter
0.01° divergent lamp shown in Fig. 4 to fall on an un-
derwater viewing screen after traversing any con-
venient water path or by photographing the effect with
an underwater camera having no lens, in the manner
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F16. 20. Irradiance outside a collimated beam of light. Beam
divergence: 0.046°; beam diameter: 2-in. Filter: Wratten No. 61,
Attenuation length 4.8 ft/Irn; Diamond Island.

suggested by Fig. 21. If such a photograph is made in
well-mixed distilled water, only a uniform white field is
recorded, but if the distilled water is allowed to stand,
a pattern of shadows appears as thermal structures de-
velop. If transparent plankton are added, their refrac-
tive shadows are superimposed.

Figure 22 is a photograph of the pattern obtained.

when such a picture was taken in the clear, natural
water at the Diamond Island Field Station in Lake
Winnipesaukee, New Hampshire. In this case the light
beam passed through 10 ft of lake water. The circular
shadows were caused by transparent plankton some-
what less than 1 mm in size whose refractive index dif-
fered only slightly {from that of water. No effects due to
thermal tubulons have been identified in this picture.
The light beam was horizontal and 30 in. beneath the
surface of the water. A shutter speed of 1/50 second
was used because the pattern was in constant restless
motion, primarily due to slight wave action, but also
due to plankton movements and -possibly to thermal
drifts.

Loss of resolution. Wavefronts passing through
natural waters are distorted by these refractive effects.
The edges of objects appear blurred and the apparent
contrast of small objects is reduced. Thus, resolving
power is impaired and fine details are obliterated. It is
said that in some clear, south-sea waters the concen-
tration of transparent plankton is so great that a swim-
mer cannot distinguish his toes even though his foot
is clearly visible at high contrast. Conditions are much
less severe at the Diamond Island Field Station, where

IN THE SEA

P — — — — - — :::l scReen

UNDERWATER COLLIMATED LAMP

CAMERA
WITH NO LENS

I- I:D/'-—-WATERTIGHT
ENCLOSURE
OPTICALLY FLAT WINDOW

F16. 21. Techniques for observing (upper figure) and recording
(lower figure) the effects of refractive inhomogeneities on the
transmission of a highly collimated beam of light through natural
water.

magnification is necessary to make the loss of resolu-
tion obvious.

An experimental study of this loss of resolution was
performed several years ago at the Diamond Island
Field Station and a theoretical treatment of the effect
was evolved.”? At Diamond Island the loss of resolu-
tion was comparable to that caused by the on-axis aber-
rations of a flat water-to-air window of 1/4-in.-thick
commercial plate glass when 10 {t of water separated
the object from the camera. The angular magnitude of
the blur increases as the square root of the object-to-
camera distance, and the apparent contrast of fine de-
tails is decreased inversely as the third power of the
distance in macroscopically uniform water.2

DAYLIGHT IN THE SEA

Most of the light in the sea is from the sun and the
sky. In sunny weather each square meter of the water
surface may be irradiated by as much as one kilowatt
of solar power. Approximately 95%, of this power en-

o AN £ A 'Y

F16. 22. Photograph of the light distribution from the collimated
underwater lamp (Fig. 4) after traversing 10 ft of water in the
manner shown schematicallv in Fig. 21, Camera: Contax without
leris. Exposure time: 1/50 sec. Film: Eastman Plus-X. Develop-
ment: normal, D-76. Beam spread: 0.01°. Beam diameter: 2 in.
Attenuation length: 5.6 ft/In; Diamond Island; 22 August 1961.
The diameter of the outer black circular boeder (caused by the
opening in the camera body) mzasured 1.3 in. on the negative,

?S. Q. Duntley, W. H. Culver, F. Richey, and R. W. Preisen-
dorfer, J. Opt. Soc. Am. 42, B77(A) (1952).

# 8. Q. Duntley, W. H. Culver, F. Richey, and R. W. Preisen-
dorfer, J. Opt. Soc. Am. (to be published).
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ters the water and is absorbed somewhere beneath the
surface, Daylight is the principal source of energy for
the sca, supplying it with heat and supporting its
ecology through photosynthesis. Nearly half of the ir-
radiation is infrared, most of which is absorbed within
a meter of the surface. As much as one-fifth of the day-
light may be ultraviolet and this can penetrate some-
what more deeply if the concentration of dissolved or-
ganic decomposition products (“yellow substance”) is
low. Fortunately, the peak of the solar spectrum is not
far from the wavelength (480 myu) of greatest trans-
parency in clear ocean water. Blue-green light, rep-
resenting less than one-tenth of the total incident solar
power, penetrates so deeply into the sea that it has been
detected photoelectrically below 600 m. Visibility, im-
portant to inhabitants of the underwater world, is pos-
sible chiefly because of this blue-green light.

Directional Distribution of Daylight Underwater

Sunlight entering at the surface becomes progressively
more diffuse witii depth until a state of diffusion is
reached which (1) is characteristic of the water mass,
(2) is independent of the solar altitude and the pre-
vailing sky condition, and (3) is invariant with further
increases in depth unless optically different water is en-
countered. This behavior of daylight in water, a sub-
ject of conjecture for more than 30 years, was probably
first definitively postulated by Whitney*:# in brilliant
speculations based neither upon adequate radiance dis-
tribution data nor upon a valid theoretical analysis but
chiefly upon insightful interpretations of irradiance
measurements. Whitney’s hypothesis could not be con-
firmed until 1957, when an eight-year experimental
program, initiated by the author and conducted in its
later stages chiefly by several of his colleagues, culmin-
ated in the definitive radiance distribution data of
Tyler.® These data were obtained with superlative
equipment representing nearly a decade of apparatus
development. The experiments were conducted in a
mountain lake containing optically uniform water of

very great depth. This lake (Pend Oreille, Idaho) was .

used only after many futile attempts had been made to
find sufficiently uniform, deep water at sea and in other
lakes. Even at Pend Oreille optical uniformity occurs
only for a few days during the spring of each year. The
Pend Oreille data show an unmistakable, systematic
trend toward the formation of a characteristic (or
asymptotic) distribution of underwater daylight radi-
ance. A series of figures developed from Tyler’s tabu-
lated Pend Oreille data® and described in the section
which follows summarize this experimental evidence for
the asymplotic radiance distribution hypothesis and illus-
trate the progressive transformation of the light field
from the sunny condition near the surface to the char-
acteristic diffuse distribution which prevails at great
7 L. V. Whitney, J. Marine Research 4, 122 (1941),

21, V. Whitney, [. Opt. Soc. Am. 31, 714 (1941).
3 J, E. Tyler, Bull. Scripps Inst. Oceanog. 7, 363 (1960).
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depth. A theoretical proof of the existence of character-
istic diffusc light (asymptotic radiance distribution) in
natural waters has been given by Preiscndorfer® and
confirmatory experimental data in other natural waters
have been obtaized by Jerlov and Fukuda® and
Sasaki.2®

Depth Profiles of Underwater Radiance

The most usable graphical representation of the dis-
tribution of daylight radiance in the sea is a family of
radiance distribution profiles like those in Fig. 23. Con-

DEPTH (ATTENUATION LENGTHS)
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F1c. 23. Depth profiles of underwater apparent radiance for
several paths of sight (i.e., zenith angles) in the plane of the sun on
a clear, calm, cloudless, sunny day (28 April 1957) at Pend Oreille,
Idaho. The circles denote data by Tyler (see reference 23). The
solar zenith angle was 33.4°. The submerged photoelectric radiance
photometer measured blue light by means of an RCA 931A multi-
plier phototube equipped with a Wratten No. 43 filter; its field of
view was circular and 6.6° in angular diameter. The water was
nearly uniform in its optical properties; i.e., the attenuation length
(as measured by means of a light beam transmissometer having a
tungsten source, an RCA 931A phototube, and a Wratten No. 45
filter) was 2.52 m/In just beneath the surface and increased very
slightly at a steady rate to 2.62 m/In at a depth of 61 m; that is to
say, the change in attenuation length with depth was barely
detectable. Additional families of radiance profiles in wvertical
planes at other azimuths can be constructed from Tyler’s tables,
which also provide corresponding data for overcast conditions. All
such sets of profiles are remarkably similar at great depth. Parallel
?roﬁles signify that the radiance distribution has its asymptotic
orm.

# R, W, Preisendorfer, J. Marine Research 18, 1 (1959).
% N. G. Jerlov and M. Fukuda, Tellus 12, 348 (1960).
26 T, Sasaki, Bull. Japan. Soc. Sci. Fisheries 28, 489 (1962).
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F16. 24. The solid curves are radiance attenuation functions
(i.e., slopes) of the depth profiles of apparent radiance in Fig. 23.
The circled points are from Tyler’s attenuation function tables
(see reference 23). The dashed curve is the attenuation function
for scalar irradiance; i.e., the slope of the depth profile of scalar
irradiance, a radiometric quantity proportional to the response of
a spherical diffuse collector such as that at the top of the instru-
ment pictured in Fig. 25. The transformation of the light field to
its asymptotic form is illustrated by the convergence of the
radiance attenuation functions to a common, steady value at
sufficient depth.

ceptually, each curve represents the results of lowering
vertically into the sea a radiance photometer having
a fixed zenith angle and azimuth. The unique utility
of such profiles arises from the fact that the contrast
transmittance of any path of sight in the day-lighted
sea is given by the ratio of the apparent background
radiances at the ferminals of the path multiplied by the:
beam transmittance of the path [see Eq. (8)]. This
important general theorem is rigorously true despite any
degree of stratification or nonhomogeneity possessed
by the water and despite any amount of nonuniformity
in the lighting throughout the path of sight. Radiance
distribution profiles like those in Fig. 23 enable the
apparent background-radiance ratio to he read for any
pair of terminal points regardless of the shape of the
profile.

In Fig. 23 each curve is nearly, but not quite, straight
and nearly, but not quite, parallel with its fellows.
When, at sufficient depth, all of the profiles are parallel,
the asymptotic radiance distribution prevails.

Radiance Attenuation Functions

The inverse slope of the semilogarithmic underwater
radiance distribution profiles in Fig. 23 is called the
radiance allenuation function. It is symbolized by
K (z,0,¢6), where 2 refers to depth, 8 specifies the zenith
“angle of the radiance photometer, and ¢ denotes its
azimuth. Figure 24, developed from similar ones by
Preisendorfer,?’-®® is a plot of the radiance attenuation
functions (slopes) of the radiance profiles shown in Fig.
23. The curves in Fig. 24 have been extrapolated beyond
the greatest depth explored by Tyler’s measurements in
order to illustrate the asymptotic radiance distribution

7 R, W. Preisendorfer, Scripps Inst. Oceanog. Ref. 58-59,

(1958).
R, W, Dreisendorfer, Scripps Inst. Oceanog. Ref. 58-60,

o A1

IN THE SEA

concept more completely. Differential equations for the
radiance attenuation functions have been evolved by

Preisendorfer.?

Attenuation Function for Scalar Irradiance

The slope of a vertical profile of scalar irradiance 4(z),
a radiometric quantity measurable by means of a spheri-
cal diffuse collector, is called the atlenuation function for
scalar irradiance at depth z and is denoted by k(z). This
function is shown by the dashed curve in Fig. 24. The
limiting value k() of %(z) is a convenient experimen-
tal parameter for describing the optical properties of
the sea because (1) 2(z) approaches its asymptotic value
at less depth than do the radiance attenuation functions,
and (2) it is easier to measure. Figure 25 shows a water-
clarity meter proposed by the author and constructed

F1c. 25. Water-clarity meter for measuring depth profiles of
scalar irradiance /(z) and attenuation coefficient «(z) at sea. The
hollow, translucent, white sphere at the top of the instrument is
the collector for the measurement of scalar irradiance. Attenuation
is measured by means of a highly collimated beam of light, pro-
duced by a projector in the lower compartment, which travels
upward to a photoelectric telephotometer in the upper chamber.
Baffles are used to minimize the effect of daylight in near surface
measurements. The use of multiplier phototubes enables this
equipment to produce profiles o? scalar irradiance at depths

reater than 10 attenuation lengths. A pressure transducer is
incorporated in the instrument to indicate its depth. Due to the
spherical nature of the irradiance sensor, the orientation of the
instrument is not important; it can, if desired, he oriented hori-
zontally (see reference 29).
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I, 20, Underwater radiance distributions in the plane of the
sun on a clear, sunny day at depths of 4.24, 16.6, 29.0, 41.3, 33.7,
and 66.1 m, respectively. The circles denote data by Tyler (sce
reference 23) at Pend Oreille, Idaho, 28 April 1957 The solar
zenith angle was 33.4° For additional experimental detalls see
Fig. 23. At the shallowest depth measured (4.24 m), the peak of
the radiance distribution is at a s.lghtlx greater 7umh angle than
refracted rayvs from the sun (24.4°); see Fig. 29. At progressively
greater depths the distribution becames less sharply peaked and
the minximum moves toward zero zenith angle. The radiance dis-
tribution is neariy in its aa\'mptotic form at 60.1 m, the greatest
depth at which data were iaken. Corresponding trends appear in
similar plots of data obtained by Sasaki in ocean witer near Japan
(see reference 26) and in Gullmar fjord by Jeriov and Fukuda
(see reference 25).

by his colleagues,?® which measures siimultaneous verti-
cal profiles of scalar irradiance k(z) and attenuation
coeffivient «(z) in routine oceanographic surveys.

Shapes of the Underwater Radiance Distribution

The shapes of a typical family of underwater radiance
distributions in the plane of the sun at progressively
greater depths are shown by Fig. 26, which includes the
same data plotted in Fig. 23. At shallow depths the dis-
tribution is sharply peaked, approximately in the diree-
tion of the refracted riys from the sun. At increasingly
greater depths the distribution bhecomes less sharply
peiaked and the maximum moves yrogressively toward
the zenith. The change In curve shape is better iltus-
trated by Fig. 27, wherein the upper four curves of Fiy.
26 have been superimposed it their respective maxinm.

The lower two curves in Fig. 26 do not appear in Fig.
27 because their shape does not ditffer from vhat of the
A3 m curve within the precrton of the datie T may
be noted, therefore, that the form of the radianee dis-

®RK.W. Austing, Scripps Tust Oceanog. Ret. §9-9, (1959

0.
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tribution changes throughout only the fisst 41 m of
depth (about 10 attenuation lengths or eptical depths).
At that depth, however, the sheft of the maximum
toward the zenith is incomplete and continues to change
rapid!y as depth is progressively increased. Figure 23
shows how the maximum of the underwater daylight
distribution shifts toward the zenith with increasing
depth; it suggests, by extrapolation, that a depth of 20
attenuation lengths (100 m) or more is required in order
for the true asymptotic radiance distribution to be
reachied.
Irradiance Profiles

When the underwater radiance distribution has its
asymptotic form, the irradiance incident on a plane
oriented in any direction will decrease exponrentiaily
with depth at the same rate as will the irradiance on
planes oriented in any other directions. A family of
se-milo;,urithmi(‘ profiles of the irradiance on planes ori-
ented in various directions is merely a group of parallel
straight lines having a slope corresponding to £{«), the
limiting value of the attenuation function for scalar ir-
radiance. In most ocean water the irradinnce H(z,-—)
on the upper surface of & horizontal plane at any depth
5 is approxiinarely 30 times as great as the irradiance
H{s,4) on the lower surface of the same plane; the ir-
radiance on planes oriented in all other directions at
this depth lies between 1 (s, ) and 1 (z,4).

At Jesser depths, where the underwater radiance dis-
tribution departs from its asymptotic form, the semi-
logarithmic irradiance profiles differ somewhat from
parallelism and straightness. Such perturbations are,
however, comparatively minor and for many purposcs
they are negligible. Vor example, seme of the attenua-
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Fie. 27, In this figuie the underwater radisnce distribution
curves for depths 24, 10,0, 200, aud 413 w1 from Fig. 26 have
been supertmposed at their respective imaxini in order (o compare
their shapes. The radiance curves for epths 537 and 601 my are
not shown since, within the Tunits of experimental error, thei
shupes are identicad with the curve for 1.3 modepth. Thus, the
shage of the underwater radrance distribution has nearly completed
its transtormition te the asvmptotic fomea 413 m depth. The
naxtmuam of the crirve has not, however, reached zero zenith angle
at thisdepth and s, in fact, changing at Maimum rate; ;see Fp 28
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F1c. 28. Ilustrating how the peaks of the underwater daylight
radiance distributions shown in Fig. 26 shift toward zero zenith
angle with increasing depth. At shallow depths in thesc data the
beak occurs at a greater zenith angle than the direction (under-
water) of rays from the sun, The extrapolated (dashed) portion of
the curve suggests that a depth of more than 100 m is required to
bring the peak to zero zenith angle; i.e., to complete the trans-
formation of the light field to its asymptotic form.

(28 August 1959) at Diamond Island were K (2.5,—)=
0.067 In/ft, £(2.5)=0.063 In/ft, K(2.5,4)=0.031 In/ft,
and «(2.5)=0.18 In/ft.

Contrast Transmittance

Introduction. Underwater sighting ranges are always
short compared with sighting ranges in clear air. Nearly
all objects, therefore, subtend so large a visual angle
when seen underwater that the exact size of the object
is of almost no censequence. Except for very tiny ob-
jects or the fine details of larger ones, underwater sight-
ing ranges depend almost entirely upon the contrast
transmittance of the path of sight when ample daylight
prevails. Along horizontal paths of sight dark objects
(such as black-suited swimmers) approach detection
threshold near the distance 4/a(s) when viewed against
a water background, although bright objects (including
light sources) can be seen further.® For objects of suf-
ficient angular size, horizontal daylight sighting ranges
underwater are remarkably similar to horizontzal day-
light sighting ranges in the atmosphere if both are ex-
pressed in attenuation lengths. This quantitative simi-
larity does not hold, however, when the path of sight is
inclined either upward or downward because water,
unlike air, absorbs light so strongly that all aspects of

* Along any underwater path of sight a remarkable proportion
of the objects ordinarily encountered can be seen at limiting ranges
hetween 4 and 5 times the distance 1/[a(z)— K (z,6,6) coss], re-

gardless of their size or the hackground against which they appear,
provided ample daylight prevails [see Eqs. (14) and (15)].

TITE SEA

daylight in the sea diminish rapidly with depth. Con-
trast reduction along inclined paths of sight through
optically uniform water are treated after certain general
principles have been discussed.

General case. A completely general phenomenological
treatment of the reduction of apparent contrast by any
scattering and absorbing medium has been given by
the author and two of his colleagues in an carlier paper®
concerncd with the atmosphere; Eq. (1) through (10)
of that paper and the discussions which accompany
them apply also to the reductien of contrast along all
underwater paths of sight, and the notation employed
in reference 31 has been used throughout the present
paper, except that z is used to denote depth (rather than
altitude) and is positive from the sca surface downward.
Although, in the interest of brevity, only one [Eq. (7)]
of those equations is discussed here, they constitute the
foundation for all of the relations which follow in this
paper.

Equation (7) in reference 31 states that the ratio of
the apparent contrast C,{3.8,¢) of an object at distance
r from an observer at depth z along a path of sight hav-
ing zenith angle 8 and azimuth ¢ to the inherent con-
trast Co(z,8,0) of u turget at depth z, is

C'f (2)07¢)/C0 (Z‘ :B)d’) =
T, (2,0,05) 54\'0(51307(1))// b~\vf‘(z907¢): (8)

where T,(2,0,¢) is the beam transmittance of the path
of sight for image-forming light and 5Yo(z.,8,0)/
»Vo(2,8,8) is the ratio of the apparent radiances of the
background at the terminals of the path of sight. This
eyuation is rigorously true despite any amount of non-
uniformity in the water or in its lighting. Profiles of
underwater radiance, such as those in Fig. 23, provide
the two background radiance values required by Eq. (8)
and the beam transmittance can be found from a pro-
file of attenuation length by means of Eq. (16) in ref-
erence 31. It should be noted that the beam transmit-
tance T,(z,0,¢) must include the factor [n(z)/n(z) ]
required by geometrical optics when the refractive in-
dex n(2) of the medium at the observer differs from that
at the target 1(z,), as in the case of underwater obser-
vation through a flat face plate or a plane window.

Uniform waler. If the underwater path of sight lies
entirely within a single optically uniform stratum and if
the profile of monochromatic apparent radiance (sce
Fig. 23) can be approximated by a straight line and rep-
resented by the differential equation

AN (z8,9)/dr=— K (z.8,¢) cosfN (5,0,¢), {9

where 7 cosf=35,—2, Eq. (10) of reference 31 can be re-
placed by differential equations of transfer for spectral
field radiance

AN (2,0.0)/dr= Ny (28,6)—a(2)\V(s0,¢), (10)

1 8. Q. Duntley, A. R. Boilcau, and R. W, Preisendotfer, J. Opt.
Snc. Am. 47, 499 (1957).
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constants throughout the path of sight. In unifoim
where (Vio(z,8,9) is the apparent spectral radiance of  water this is true of «fz) but not of A {z0.¢) unless the
the target and (Vi(z,48,¢) is its inherent spectral ra-  radiance distribution is asymptotic. Figuee 24 lustrates ¥
diance. In Fe. (12) the first term on the right represents how K {z,0.¢) changes with 3 and 6 in the plane of the
sui; corresponding figures can be constructed from \
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Fig. 29. Ilustrating the effect of (vertical) object to canvera
distance on the apparent radiance (fower figures and the photo
graphic contrast (upper tigured of an object having both white and
black areas submerged 35 m beneath the snrface of deep. opuicadly
uniform water characterized by an attennation length (Uar of
3.2 m/In, (@/RY=27, HG A0 G- =002, and asviaptotic
radiance distribution. The prevailing spectral irvadianee on the
surfuce of the water is assumed to Hhe T Wim¥, miy

As a downward looking camera s lowered rronm the sea sarface,
the apparent rdiance presented by the water decreases at dhe
rite of K =0116 In'in, as <hown by the diagonad dashed Joe i
the lower figure. AU19 mdepth Gue, an object to cameri distancc
of 16 m or 5 attenuation lengths) the appacent rad.asces of the
obiect ditfes but bttde frons that of the surronnd. Whea the camneia
is 4.0 m (e, dattenaation tengths) wbove the tuget the white
aren presents an apbarent rudiance sigiheanth greater than the
surround {diagonal dashed finer but the black arca appears only
slightly darker than the water buckground. Near this canera
position the two terms in the vight hand meniber of Fgo (12 are
caual, so that dN G /dr =00 w preater camera depths the
second term predomimiates. When the canverais 3.2 moor Uattenus
tion lepgth above the object, both the black and the white areas
of the target ditfer markediv i apparent radiance from the sur
rouned (dimgonal dashed liner The npper tgure 1o rates, b
means of the characteristic uve of a negative nuterial, the tange
of photographic densities corresponditg with object to-camera
distances of 32 i (dashed linest and 9 oom (dotted lines
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Tyler’s tables® to illustrate changes with ¢. Such data
should be used to ascertain ihe variation of K(z.8.¢) on
the particular segment of the path of sight to be used;
the degree of approximation represented by Fq. (12)
[and by Eqs. (148, (15}, and 16} ] can then be esti-
mated. Because underwater sighting ranges rarely ox-
ceed 2K, the effect of A variation is seldom appreciable,
except near the surfuace of the sea. General equations,
remarkably similar in form to Fas. (12), (14, (15),
and (16), have been written by Preisendorfer (private
communication); these involve, for example,

c\‘p-i / [u(:)—:;os()lx'(s,(),d))]dr/}

mstead of
exp[ralzir § cosdR (200 ]

they ure also applicable to nonuniform water ad even
to multi-medin paths of sight.

Fquation (12) also specities the apparent radiincee of
any hackground apainst which a target may be seens
when used for this purpose the presubscript £ (for target)
sheuld be changed to bifor backgroundy. Subtraction
of the background form of Eq. (12) from L. (12) it
self vields the relation

Notn ) N (sl g
CoVi gy izt fexpl ozl (1)
Fauation (13 noplies thad along ary underswater path
of <teht, radinne e difterences are traosmitted with ex-
poncatiad attenutior at the sime space rate as image-
forming rave.
The two forms of Fo (12) can be combied with the
defining rebitions for  inherent speciral contrast,
Cotz 0y, and qpparent spectral conteast CL (5,804,

which are. respectively,
Coing, ) { Notsn gy - w N el } ph o ),
il
Cloinfln [ N a0y N i U L g

When this is done, the ravie of inherent spectral con-
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trast to the apparent spectral contrast is found to be
(4'0 (21197¢)/C'(z)0)¢)

=1- [.V (zlvoyd’)/b‘\ro (zlrgl¢]

X {1—exp[a(z)r—K (2,0,¢)r cosb}. - (14)

If uNo(2,8,0)=N(2,8,¢), as in the special case of an
object suspended in'deep water, Eq. (14) reduces to

C' (21014’) = CU (zly01¢)
Xexp[—a(z)r+K (2,0,4)r cost].

Whenever the underwater daylight radiance distri-
bution has, effectively, its asymptotic form, the radi-
ance attenuation function K(z,0,¢) is a constant, in-
dependent of z, 8, and ¢. Equation (15) may then be
written

C.(20,0)/Co(2.,8,0)=exp[ —a+K cost)Jr.

The right-hand member of Eq. (16), sometimes called
the contras! reduction factor, is independent of ¢, the
azimuth of the path of sight. This and other implica-
tions of Eq. (16) were discovered by the author in the

(15)

(16)

THE SEA
course of carly experiments as illustrated, in part, by
Tigs. 30 and 31.

Horizontal paths of sight. Along horizontal paths of
sight cos =0 in Eqs. (9), (12), (14), (15), and (16},
which show that both the apparent radiance and the
apparent contrast of objects seen horizontally under-
water change with distance in a manner dependent on
@ but not on K. When cos =0, Eq. (10) indicates that
some unique eguilibrium radiance Nq(z,7/2,9) must
exist at each point such that the loss of radiance within
the horizontal path segment is balanced by the gain,
ie.,

dz\’q(z,%w,d))/dr= 0= ‘V* (Z,%?r,d)) —a (Z) A\Yv (Z,%r,q&) . (17)

Even in nonuniform water there is an equilibrium radi-
ance for each element of horizontal path although this
may differ from point to point. Inclined paths of sight
do not have a true equilibrium radiance, as will be clear
from Eq. (9), but they possess an exponential counter-
part which is illustrated by the diagonal dashed line
in Fig. 29.

A method® for measuring the attenuation coefficient
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I'16. 30. Interrelated experiments from the September 1948 series at the Diamond Island Field Station:
(Left) Semilogarithmic depth profile of scalar irradiance obtained by lowering a 6-in.-diameter, air-filled,
hollow, translucent, opal glass sphere having a photovoltaic cell sealed in an opening at its bottom. The
straightness of the curve indicates optical homogeneity of the water and a depth invariant attenuation
coefhcient &(z) =0.066 In/ft. (Center) Semilogarithmic plot of the absolute apparent contrast of a horizontal,
flat, white target lowered vertically beneath a telephotometer mounted in u small, hooded, glass-bottomed
boat ; calm water, clear sky, low sun, The long, straight portion of the curve illustrates Eq. (15) and its slope
indicates that a(z)+ K (z,7,0) =0.247 In/ft. Because the sun was low the radiance distribution was approxi-
mately asymptotic, so that K (z,r,0) =k (z) =0.066 In/ft and, by subtraction a(z) =0.181 In/ft or the attenua-
tion length 1/a=35.5 ft/In. (Right) Two semilogarithmic plots of apparent contrast vs target distance along
60°-downward-sloping paths of sight for black targets (lower portion) and white targets (upper portion)
have been combined to demonstrate (1) that the apparent contrast is exponentially attenuated with target
distance at the same space rate for both light targets and dark targets, (2) that this space rate is independent
of azimuth, and (3) that Eq. (16) is valid. All four paths of sight have the same zenith angle, §=150°, but
the azimuth angles relative to the plane of the sun are ¢ =0 (circled points) and ¢ =45° (crosses), $=95°
(diamonds) and ¢ =135° (squares). The dashed straight lines are-constructed parallel and, in accordance
with Eq. (16), they have a slope 0.181—0.066 cos150°=0.214 In/ft. "These lines were passed through the
uppermost datum point of each series without regard to the lower points; the lines are provided solely to
facilitate judgment of the slope and linearity of the data. Photographic underwater telephotometry; green

light, calm water, clear sky, low sun.

135, Q. Duntley, J. Opt. Soc. Am. 37, 994(A) (1947) and U. 8. Patent No. 2,661,650,

P13

APPENDIX A



SEITRBRERT Q.

100

AR SR S T T T
80 o\
sof- \
50(— \ e
401 \
30 \

\

10 o o

8 \\ N

: \ 7
A\

E£DGE
CONTRAST

APPARENT FCONTRAST

o1 i
0 5 10 15 200 25 30 35
TARGET DISTANCE (FEET)

Fic. 31, Comparison of apparent absolute contrast with ap-
parent edge contrast of white targets for two horizontal under-
water paths of sight having azimuths relative to the direction of
the sun of 95° (crosses) and 135° (circles), respectively. The three
lines are parallel and correspond to an attenuation length
1/a=35.65 ft/In. The data are of 24 September 1948 at Diamond
Island. Photographic telephotometry; green filter.

a(3) is suggested by Eq. (17) and the fact that in op-
tically uniform water N (z,37,¢) =N (z,1m¢); thus

a(2)= Nu(2,3m,0)/ N (z,37,9). (18)

In Eq. (18), NVx(z,37,¢) can be approximated by the
apparent radiance of a very black object, such as an
opening in a small black box, located at a unit distance
which is small compared with the attenuation length,
and N(z,3r¢) is the apparent radiance of the unre-
stricted water background. This technique is especially
convenient for documenting conditions in underwater
photographv by daylight. The value of a(2) so obtained
agrees precisely with data obtained by (1) properly de-
signed light beam transmissometers, (2) measurements
of the apparent contrast of underwater objects observed
along horizontal paths of sight, and (3) underwater
telephotometry of the apparent radiance of the surface
of a distant submerged frosted incandescent lamp or
other diffusely emitting source.

Field experiments. Experimental explorations of the
distribution of daylight in the sea and underwater image
transmission phenomena were begun by the author in
1948 and are still in progress. Most of the physical prin-
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ciples discussed in this paper were discovered or genera-
lized carly in the course of these experiments. The data
guided a collaborative development of the foregoing
equations by Dr. Rudolph W. Preisendorfer and the
author.®-3%

Expceriments were conducted concurrently in lakes
and at sca almost from the beginning because optical
principles can be explored better and more inexpensively
in lakes whereas the magnitude of the optical constants
of occan waters can be measured only at sea. Most of
the data used in this paper to illustrate principles were
obtained at a field station established by the author in
1948 at Diamond Island in Lake Winnipesaukee, New
Hampshire. Examples of data from the field station are
provided in Tig. 30. These data, taken from the 1948
series, illustrate several important principles which are
implied and summarized by Eq. (16). Figure 30 shows
that the attenuation coefficients k() and a(z) obtained
by means of a depth profile of scalar irradiance and
measurements of the apparent radiance of a white ob-
ject lowered vertically (in the manner of a Secchi disk)
can be used with Eq. (16) to predict the apparent con-
trast of any object, black or white, along various un-
derwater paths of sight. Mcasurements of apparent con-
trast with highly refined photoclectric equipment have
been made along many paths of sight and under many
kinds of lighting conditions in the course of the field
station experiments; all of these experiments support
the validity of Egs. (15) and (16).

The water-clarity meter pictured in Fig. 25 produces
a profile of scalar irradiance similar to that shown in
Fig. 30 and, therefore, a measure of k(2); it also meas-
ures the attenuation cocflicient a(z), providing, thereby,
the necessary input information for using Eq. (16) to
calculate contrast reduction, since K= k(2).

Telephotometry of either black or white targets along
any two paths of sight having different inclinations
(i.e., zenith angle 8) yields two values of the contrast
attenuation coefficient (a—K cosf) from which a and
K can be found. The use of a horizontal path for de-
termining «, and a downward vertical path for deter-
mining a+ K, is often a convenient choeice.

Absolute contrast. The water immediately surround-
ing a submerged white object sometimes appears. to
glow. This effect is caused by the intense small-angle
forward scattering of light which is reflected by the
target in directions adjacent to that of the observer.
The effect is most noticeable when a strongly lighted
white object is observed against a dark background.
The apparent radiance of the scattered glow has been
found to be attenuated at the same space rate as the
target itself ; this is shown by Fig. 31 wherein the semi-
logarithmic attenuation curves for apparent absolule
conirast and apparent edge contrast are parallel. Apparent
absolute contrast is relative to the apparent background

88. Q. Duntley, Proc. Armed Forces-Natl. Research Council
Vision Committee 23, 123 (1949); 27, 57 (1950); 28, 60 (1951).

#S. Q. Duntley and R. W. Preisendorfer, MIT Rept. NSori

07864 (1952),
3 R. W. Preisendorfer, Seri-ips Tnst. Oceanog. Ref. 58-42 (1957).
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radiance that would be observed if the target were ub-
sent; apparent edge contrast is relative to the apparent
background radiance which appears immediately ad-
jacent to the target. Ordinarily, few underwater ob-
jects are white enough to cause the two types of con-
trast to differ significantly. When the glow is prominent,
absolute contrast is usually the more meaningful meas-
ure of ob;ect detectability, but a full treatment of this
topic can be made only in context with details con-
cerning the characteristics of the detector (eye, camera,
ctc.), a matter beyond the scope of this paper.

Absorption

If radiant power in the sea is to be useful for heating
or for photosynthesis it must be absorbed. The mono-
chromatic radiant power absorbed per unit of volume
at any depth depends upon the amount of power re-
ceived by the volume clement and the magnitude of
the absorption coefficient; i.e., upon the product of the
scalar irradiance and the volume absorption coefficient.?¢
A more frequently uscful relation®” has been evolved as
follows: The net inward flow of radiant power to any
clement of volume ¢t in any horizontal lamina of thick-
ness dz at depth s in the sea is

dP(z)

d
=—{H e, =)= 11, +))

=(;_i~l11(:, —)[1—%8%]}. (19)

hd »

dv

The ratio H(z,+)/H(5,—), sometimes called the re-
fection function of water, has been found by experiment
to be virtually independent of depth and to have a
value of 0.0240.01 for most natural waters unless large
quantities of suspended matter are present; the re-
flection function is rigorously independent of depth
when the underwater daylight radiance distribution has
its asymptotic form in optically uniform water. To the
extent to which 29, effects are negligible, Eq. (19)
becomes

dP(Z)/d‘UzH(Z,—)K(Z,—), (20)

since, by definition, K (z,— )= —[dH (z,—)/dz]/H (z,—).
Thus, the radiant power absorbed per unit of volume
at any depth in the sea can be measured simply by
lowering an upward-facing, diffusely collecting, flat
photocell and determining the product of the magni-
tude and slope of the resulting profile of downwelling
irradiance, as illustrated by Fig. 32.

Alternatively, the quantity {H(z,—)—H(z,+)} can
be measured directly by lowering an assembly of two
diffusely collecting, flat photocells mounted back to
back so that one faces upward and the other do“?nward.
Such an assembly, sometim.cs called a janus cell, can

(1;‘5172). W. Preisendorfer, Scripps Inst. Oceanog. Ref. 58-41,
w S..Q. Duntley, Natl. Acad. Sci./Natl, Research Council Publ.
473, 85 (1956).
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I'16. 32. Superimposed semilogarithmic plots of monochromatic
downwelling irradiance vs depth and monochromatic radiant
power absorbed per unit of volume vs depth illustrate the (approxi-
mate) relation between these quantities expressed by Eq. (20).
Monochromatic downwelling irradiance 1s the total mono-
chromatic radiant power per unit of area received by the upper
surface of a horizontal plane at arbitrary depth z. The product of
this irradiance and its depth attentuation function (slope of its
depth profile) is, within about 29, equal to the monochromatic
power absorbed per unit of volume. Thus, at a depth of 50 m in
Fig. 32, /{50, —)=6.3X10"% W/(m? mg), K(50,—)=0.114
In/m, and dP(50)/dv= (6.3 X 10~3(0.114) =7.2X 107 W/(m?3, my).
Neither of the curves in this figure represent specific experimental
data, but the irradiance profile is typical of the Pacific Ocean off
California. The presence of a deep scattering layer is shown below
350 m.

be used to measure d/(z)/dv by means of Eq. (19) in
turbid waters for which {1—[H(z,4)/H (z,—)]} is not
negligible.
CONCLUSION

Although no research program is ever fully completed
and the author hopes to participate in studies of light
in the sea for many years to come, the investigations
which, with many colleagues, have been made thus far,
coupled with the findings of other workers all over the
world, have produced a sufficient quantitative under-
standing of the optical properties of oceun water and
the behavior of underwater light to provide scientific
guidance and optical engineering methods for those
persons whose interests or occupations involve light in

the sea.
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FIELD TEST OF A SYSTE FOR
PREDICTING VISIBILITY BY SWIMMERS
FROM MEASUREMENTS OF THE CLARITY OF NATURAL WATERS

S. Q. Duntley, J. E. Tyler, and J. H, Taylor

I. INTRODUCTION AND SUMMARY

1. Introduction

A continuing program concemed with the visibility of submerged
objects has been in progress within vhe Visibility Laboratory for more
than a decade., FEarly experimental and theoretical worklﬁgovided a
basis for predicting visibility by swimmers from instrumental mea-
surements of we:t.er clarity. TFurther investigations, theoretical_
and experimeital, and instrumental developments of many kinds verified
and extended the original work and enabled this Laboratory to provide
the U. S. Navy Hydrographic Office with an accurate water clarity
meterBa.nd nomographic chartshfor ihe interpretation of its readings
in temms of the limitj.ng range at which swimmers can sight any flat,

horizori{.al object lying on the bottom of the sea.

1 Duntley, S. Q., "Interim Report on Exploratory Studics of the Physical
Factors which Influence the Visibility of Submerged Objects," Minutes
and Proceedings Armed Forces-WFC Vision Cormittec, 23d meeting,

March 1949 (p. 123).

2 Duitley, 5. Q., "The Visibility of Subrerged Objects;" Final Report
under Contract NSori-07831, NSori-0786/, and MObs~50378; iugust 1952,

3 ‘ustin, R, U,, "Water Clarity Moter Operating and Maintenance
Instructions," SIO Ref, No, 59-9, Visibility Laboratory, Univ. of
Calif., La Jolla, Contract NObo-72092, February 1959.

4 Duntiey, S. Q., “"Nomographs for Calculating Visibility by Swimmers,"
Report No. 3-1, May 1958, Contract ~Obs-72039.
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In providing the Navy with woter clarity measuring cquipment and
associated nemogroephic charts, the Laboratory has a responsibility
providing evidence »f the over-all validity of the o, stem. A care-

roview of all experimental evidence relative to the components of

the system disclosed that (1) vwo sufficientl]y critical test of an

wdervater sichting range nrediction had ever been made and (2) that
experiments with carlier instruments showed a disturbing lack of close
agreement between the anparent contprast of underwater objects calculated
by means of the contrast reduction equation and correspending values of
apparcnt contrast measured directly with photographis or photoclectric
rahle evidence that the

telephotometers,. There is, however, conside

equation is valid when supplied with water clarity constants derived

from dircct contrast reduction measurcments.

1.2 The New Water Clarity Meter

The lack of close agreement between the two metihiods for obtalning
the water clarity constants was believed to be attributable to pertur-

bations of the underwater light-ficld due to the presence of the target,

if large, and to the prcsence of the measuring apparatus. Both water

clarity meter readings and telephotometer observations are affected,

but ordinarily to different extents. There is, moreover, a perturbation

of the wnderwater light-field by the presence of the swimmer in the case

of visual target sightings. Agreement between the different metheds

for measuring water clarity constants and their applicability to sighting
renge predictions regquires that the ¢ffcective perturbation of the

(-3

light-field mateh in all three instancus.
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During the design of the new water clarity meter for the Navy,
Lr. B, W, Preisendoricr of the Visibility Laboratoiy was asked to
make a theoretical exploration of underwater lignt-field perturbations.
His rmsultsf which rclate toe ffects due to tne presence of the target
or. /, wire used to establish design criteria for the new instrument.
Great care was exercised to reduce the perturbations far below those of

any previous hydrophotometer and to endeavor to match the residual effects

with those which arc always produced by the prescnce of a human observern.

1.3 The Field Test

St

It was necessary, obviously, to conduct a fleld test to ascertain
whether the inteﬂt of the instrumental design had bcen successiully
realized, i.e., to see if the water clarity constants obtained by mcans
of the instrument provide a valid measure of contrast reductliom as seen
by swimners or as observed with a telephotometer. A fileld test for
this purposc was rconducted at the Diamond Island Field Station of
the Visibility Laboratory during the summoer of 1958 and is described
in this report., The successful result constitutes evidence that the
clarity meter and nomograph method for predicting underwater sighting

range works as a system, 1

The £ . measuring equipment used for the field test embodied the ‘
samc¢ basic optical design as the water clarity mefer constructed for

the Navy. 1In the field test the K-measuring portion of the water clarity

5 Preisendorfer, R. W., "A Genecal Theory of Perturbed Light Fields ~*
with Application to Forward Scattering Effects in Beam Tranamittance
Measurements," 510 Ref. 58-37, Visibility Laboratory, Univ, of Calif.,
La Jolla, Contract NOLs-72092, 1 May 1G58,
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meter was a physically separate unit.  The coefficient K was doetor-

mined by meansuring the verticn: oeadient of aownwelling irrodiance;

thig was cccomplishoed by mee, an upward facing photevoltaic cell
covered by a matte-surfaced ¢ ing plate which, by test, eveluated

flux in propoxtion to the ¢orine f the angie of incidence, thus

measuring the irradiance on th rface of the plate., sSbsorption filters
wore used te correct the phote.. s to photopic responsc,

L. Txoerinental Procsdure

Contrast reduction was m  ed by means of an underwater photo-
electric telephotometer in e curefully prepared perturbatior-minimized

rounting and compared widh values predicted Ly theory on the basis

of data from the water clarity wmeter., Concurrently, underwater sighting

ranges were determined under identical viewing conditions by ar
cxpericnced observer and compared with ranges predicted from the water

clarity meter readings.

1.5 Conclusions

ALl of the data are in excellent aprecment; they coastitute
experimental evidence that:

(1) the new water clarity moter provides values of the water
clarity constants, oK and K, which ore valid for predicting tho
apparcnt contrast of underwater $biects by means of equation (1), wnd
(2) the sighting ranges pregicted by the nomographic chartvs arc

vaiid when based upon values of  w( and X from the new water clarity

neter,
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2, MEASUHEMENTS OF APPARENT CONTRAST

2.1 Introduction

It was - scovered eyperimentally during Visibility Laboratory
unde ater experiments in 1948 and subsequently derived :.ma.ly‘ticallyz'6
that the apparent contrast of any submerged object observed against.
a deep~water backperound is reduced exponentially as the object-to-obser-

ver distince (r) is fnereased along any path of sight having uniform

(homogenecus and isotropic) optical properties, as foilows:

em(;£ K cos 9)r

C =¢C '(1)

r 0
Here Cr and C, are apparent contrast and jnherent contrast respestively.
The contrast attenuation coefficient is (X - K cos Q), where © is
the zenith angle of thwe path of sight and the water clarity constants

*
cC and K are, respzetively, the volume attenuation coefficient

and the diffuse attoenustion coefficient.

. The water clarity meter i designed to measure X and K, and
these coefficients cam also be obtained by measuring the contrast
attenuation coefficient (X ~ K cos @) for two or more paths of sight
having different genith angles ©. Conversely, the apparent contrast

of any cbject scen against a decep-water background can be measured

¥ The constant X 1s also sometines referred to as the beam attenua-
ti~n coefficient, gince it specifies the attenuation of a bcam of
photons.,

6 Preisendorfer, R. ‘W., "Model fcr Radiance Distribution in Natural
Hydrosols,” SIO PRef. 58-42, Visibility Laborrtory, Uaniv. of Calif.,
La Jolla, Contrach NCbg-72092, 1 August 1959,
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at any given object-to-observer distance or it can be calculated
from velues of ¢ and K from the water clarity meter. The field
tost deta will be presented in the latter foma in this report since
apparent contrast (or,alternatmely,thc contrast reduction factor) is

regarded as the datum of primary significance.

The measurcments of avparent contrasi, as well as the visual
sighting-ranze mensurcments described in section 3 of this report,
were made frem & specially constructed barge having an undcrwater room
with windews 30 inches below the surface of the water.. This research
barge, constructed in 1948 ¢nd depicted in references (1) and (2),
was equipped in 1949 with an underwater track extending 28 fect in
Tfront of the window and supported at its outer end by a float. The
track carrics a small car on which targets of any kind can be mounted.
™

contrast reduction studices and other rescarches in hydrologic optics.

The Diamond Island Field Station is a uniquely favorable site
Tor experiments of this type owing tc the optical uniformity of the
water (i.e¢,, the lack of vertical stratification), to the constancy
of K and X , to the convenient degree of water clarity, the lack
of bottom influence on the light-field, and to several other favorable
factors, The tests described in this report were performed at this
location for a small fraction of the cost of carrying out the same

work at sea,

APPENDIX C
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Theory and oxperiment have demonstrated that the magnitude of the

diffuse attenuation coefficient K depends upon the distribution
of light within the water, During suriny weather the variation of K
with depth near the surface may not be negligible. In order te

minimize any variation of K with depth and to enable more pcrfect !
mininmization of the effect of the presence cof the barge on the under-

water light field, all of ths 1958 field tests werc cenducted under

overcast skies or prior to sunrise. This choice of lighting condition

wes realistic inasmuch as the nomngraphic charts are for objects
lying on the bottom where th: lighting distribution often differs but

little between sunny and cloudy conditionms,

— A —— - :

2.2 Experimental Details

The experimental equipment shown in Figurc 1, consisted of an
underwater room with windows 30 inches below the water surface. An

optical bench track 28 feet long was mounted outside one of the windows.

6 Preisendorfer, R. W., "Directly Observeole Quentities for Light Fields
in Natural Hydrosols," 570 Ref. 58-46, Visibility Laboratory, Univ, of
Calif.,la Jolla, Contract HObs-72092, July, 1958..

7 Preisendorfer, R, W., "Some Practical Consequences of the /symptotic
Radiance Hypothesis," SI10 Ref, 58-60, Yisibility Laboratory, Univ,
of Calif,, La Jollae Contragt. NObs-72092, September,1558.

S U

8 Tyler, J. E,, Richardson, W, H., and Holnes, R. W., "The Optical
Properties of Lake Pend Oreille," SIO Ref. 58~80, Visib lity
Laboratory, Univ. of Celif., La Jolla, 3 December 1958, Contract NCbs-

72092,
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The outboard end of the track could be adjusted in depth to obtidn

angles up to 45° from the horizontal. A gnall cart on the track carried
the target and could be manually adjusted to any desired path length
by means of rope & and the counterweight. The target itsel £ was over-
weighted on the outboard eside of its hinge pin and cculd be raised

by rope B or allowed to fall back in a matter of seconds. In order to
reduce the perturbation of the light field, created by the presence

of the underwater room and floats, the side € of the room facing

the optical bench was camouflaged with canvas painted to reflect a
luminance equal to equilibrium luminance in the horizental direction.
In addition to this, a six-foot air path was provided by the air tube
to insure that the target-to-barge distance would be large for small
path lengths r . The water tetwecn the air tube and the window was
shiclded from light by means of a black cloth. The target was a metal
disc covered with black Norzon tloth which had previously been scaked
to remove any excess water-soluble dye. When this target was in
contact with the air tube window, the telephotcmeter reading was less

-4
than 10 = of the maximun reading of backgrourd luminance.

For inclined paths of sight ¢n auxiliary window was mounted
inside the room., Its angle corresponded to the angle of observaticn.
This auxiliary window provided an air-glass-water interface thal was

perpendicular te the line of sight.

Measurements of apparent targe® luminance B ard background
luminance B were made with a reflex telephotometer employing a

9514 multiplier phototubs corrected for photopic response, a log-chassis

APPENDIX C
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and a Brown recording potentiometer. Calibration of the telephotometer
systen was done on a special photomcter bench using the inverse square

. 5 4s 114 nrat
law to achieve a 10" rangs in light level. Three complete calibrations

were run for the measurements reported here, one just before the

telephotometer measurements began, one on completion of the horizontal

path data and one on completion of the inclined path data. The known
instrument error revealed by these calibrations has been converted to
variability in /- zyﬁ/(iﬁ and is shown graphically in Figures 2 and
3 (dotted lines). As E%://}if approaches 1 the precision of the

"black-target" experiment bscomes increasingly poor,

The angular field of view of the telephotemeter was 1.05°‘
(full cone angle). Thc target slightly more than filled this field

at the maximum path lengths,

A flat-plate irradiance collector (shown in Figure 1) was used
to obtain experimental values of the diffuse absorption coefficient
K and an hydrophotometer (rnot shown) was used to measure the
volume attenuation coefficient «. in the vicinity of the target.
All the measurements were made using a bandwidth correspending to

that of the C.I.E. luminosity curve.

Data were taken during periods of rclative calm and also when
the sun was obscured by clouds or horizon. Since the ratio of
apparent lumirance to background luminance is independent of the
level of illuminztion, data could be taken under variable lighting

conditions by operating the target rapidly.
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<.3 llorizontnl Paths of Sight.

’ (<]
For horizontal prtins o sight, \9 = 90 )"‘nd black targets
/
(3. = 0) Fquation 1 predicts thut the apparent contrast Cr’
will be exponentislly ettenuated at a rate cetemmined by o< alene,

see Bquation 2 :

13'-‘ — X (2)

. s p<m

- 3
It can be scen from Equation 2 that when M = O (/ - v 3 )
must equel L and that the slope of the plot of ( j — B/B) vs Y
on semi-log paper (Figure 2) should be = o, the volume

3 attenuation coefficient.

The points in the semi-log graph of Figure 2 are valucs of
(} - ZB/%) computed from telcphotometer data. The slight but
systenatic devarture of the points from lincarity 1is intreduced
by poerturbation of the light field, that is, shadowing of thc
path near the air tube which results in values cf Brthnt. are
disproportionately low comparcd with B. The straight line of
Figure 2 is no' drawn through the points but has a slope equnl
to the numerical value of ¢ = 490/meter as measurcd with

the hydrophotometcr.

It can be scen from Figurc 2 tnat except for residual

perturbatisn, the contrast reduction is valid for submerged

APPENDIX C
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horizontal paths and the value of <X obteined with our hydro- )
vhotomcter can be used to predict apparent contrast along such

paths. .

24 Inclined Paths of Sigh% .

For inclined paths of sight Equation 1 may be written

—(x-f con @) ¥ o

Ecuetion 3 predicts thet for black targets scen along inclined
] paths of sight the apparent contrast will be exponentially attcnue-
ted at a rate determined by the expression <0< - %f-’\/ Co2 Q>

i

fs before, when r = 0, ( | =~ B/'V/R ) must be 1.

The points of Figure 3 arc computed from telephotometer data
taken before sunrise and during a day of sometimes broken overcast,
with the track angle © set at 121.20. Evidence of perturbation
of the lipht field is now missing owing partly to deuper operation
and partly to the angle of the track. g before, the straight
line is not drawn through the points but has the numerical value
Jﬁ of ( cN - f((lod Q) computed from hydrophotometer determinations
' of > and flat-plate determinations of A . In this case the
averape value of X fron 14 determinations was L585/m, the averape

valuc of /\ from 14 dcterminations wis .350/m.
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It can be seen from Figure 3 that the apparent contrast of
the target was predicted correctly by means of the contrast
reduction equation (1) and values of the water clarity constants . s

and K obtained from independent instrumental measurements.

3. MEASUREMENTS OF &I GHTING RANGE

3.1 Introduction

Sighting ranges for a small black target were determined by a
young, well-trained cbserver concurrently with the measurements of
apparent contrast and the water clarity constants. The observer
removed the telerhotometer at the underwater window of the rescarch
varge (see Figure 1) and viewed the target through the air-iube.

In this way the perturbation of the light-field was precisely the
same low value attained in the case of the apparent contrast mea-
suremencs. The target was a small, black, conical cavity 0,311
inches in diameter at the open end facing the cbserver; 1t was
mounved to the movahle cart by means of a transparent Lucite brac-
ket., The observer was unible to see the cart at any time because
of the 1i ited field of view afforded by the air-tube so that,

near threshola, the target appeared as & small black disc in an

otherwise unstructured field.

3.2 Ioperinmental Procedure

The luminance of the underwiater light field was measured at
frocquent intervals through. ut the experiment by means of 4 carctully

calibrated Macbeth 1lluminometor equipped with o telescopic attachment
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vhich limited its field of wview to a small portion of the air-tube
window., A Wratten No. 4C filter was found tc provide an excellent
color match of the 2360° K Macbeth compariscn field with the grecnish
light coming from the water; the transmission ¢f this filter for
light of 2360° ¥ color tcmperature was calculated from spectrophoto-
métric data in the usual manner. Additional monitoring of the
luminance level was provided by placing the photoelectric telepho-
tometer at another underwater window in order to produce a strip-
chart record of the underwater luminance it observed throughout

the neriod of observations. aAnalysis of these records showed that
the ccefficient of variance (s/m) of the underwater luminance did

not exceed C.17 during either of the series of observations rcported.
This was, of course, a measure of tre stability of the overcast

under which the experiments were performed.

The observer (male, age 21) had more than a year of experience
in laboratory visual threshold measurements. His thresholds were
well etabilized and closely duplicated those of the Tiffany data
within the range of adaptation levels and angular target subtenses
involved in the field test., Before departing for the field station
the observer urderwent extensive practice on a simuletion of the
planned experimert ;and ot the ficld station he practiced frecly
with the actual underwiter viewing tosk until it was familiar to
nim.  Because of this practice ther: is reason to beliove that
learning effects had vanished before the sighting range data b\-.\;rc
viken, and that the observer's responses were stable in the ficld

envi ronmernt .
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The: observations worce made by the method eof adjustment, the
observer moving the target along the track by means of a pull cord.
it the outsct of the experiment the car vas at the cuter onid of the
track, far beyond the point at which the target disappeared. The
obscrver was careful tc use no fixed over-run, soth:t he had no
nechanicnl or kinesthetic vosition cucs. He then moved the targest
toward himsclf unt?l he detected its presence and an assistant
recorded the target position as indicated by a steel tape attached

to the car.

The obscrver then moved the target close to  the air-tube
window and pernsitted it to recede slowly by allowing the pull cord
to slip through his fingers. When the tarvget disappeaced he stopped
Lhe cart and an fout distance was measured, This process was
repested ten or more times, depending upon the stability of tho
overcast.  Great carce wes taken to accept data only wher the water
win o completely calm that there was no relative motion of the
turpet. with respect to the barge, This additicnal stringent requirc-
ment roduced the nuaber of occasilons when data could bo takton to
two. lro boln caven the path of sipght wis 30.8¢ downward from

norivontal, doe., wonnth o anpgle & o« 120.8¢

3e3  weontne Rangre Dedt 4

Srontonge vongre dota o were obtained o 13 aggmet oarad 17 gantg

thove were the only two occasions during the expeditoon when choepv-

g conditions Ndfilled all regd renentys and contrast reduction
Gl wore vvisl bable.
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Figures 4 and 5 display these data graphically in combination
with apparent contrast values calculated from water clarity constant s
measured by means of the water clarity meter. In each figure the
plotted points show the average "out" distance, the average "in"
distance, and the mean of both "out" and "in" distances. The curve
connecting these points shows apparent contrast as a function of

target distance expressed in terms of visual angle.

3.4 Calibraticn of the Observer

after the observey had returned to the laboratory his contrast
thresholds were measured for the same type of visual task which he
had encountered in the field. An accurate simulator was constructed
in which a circular target was presented by projection on an unstruc-
tured, uniformly bright screen which could be moved throughout the
same range of distances encountered in the field experimert, due
allowance having been made for refractive effcects at the underwater
windows, The field-of-view restriction imposed by the six-foot air- ]

tube was duplicated. The luminance levels in the simulator duplicated

those which prevailed during the rield experiment, 2nd thresholds

woare measured by verying the target distance in a realistic manner.

The method of adjustment was used, as in the field expzriment,

and the means of "in' and Yout" distances are given in Table 1.
These data differ from classical {e.g., Tiffany) thresiolds primarily

becauze of adaptive and accommdative effects due to the presence

of the air-tube, These visual effects and their implications are to

¢ discussed in more detail in a separate report.
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Table I
Laboratory Visual Thresholds

adaptation Threshold

Luninance Target Target
(ft-L) Centrast size (min)
L.Q9 0206 6,22
4,09 .0295 L.99
8.05 .0198 5.60
8,05 L0291 L.85
8,05 . L0360 L.53

3e5 (omparison of Observed and Precictad Sighting Ranges

The dotted curves on Figures 4 and 5 have been drawn threugh

the threshold points listed in Table 1 and indicated by crosses.

At the intersection of the solid and dotted curves the apparent

cortrast of the target equals the contrast threshold for the observer,

and the target would, therefore, be predicted to be just visiblie
at this visual angle (target distance.) It will be noted from
Figure 4 that the predicted sighting range is 15.2 feet whereis the

mean of the observed sighting ranges was 15.6 foet, In Figare 5 the

predicted and observed sighting ranges are in precise agreement.

3.6 Conclusions

The agreement betwoen the predicted and observed sighting ranges

1Y
[FPI

cxhibited by the data in figures L, and 5 constitutes evidaice of

valiaity of the basic method for predicting underwater sighting
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ranges {rom water clarity meter data, the contrast reduction ecuation,
and visual contrast thresholds. Since the nomographic charts for
predicting visibility by swimmers are an embodiment of this method,
the results of the field test provide a careful spot-check of the
validity of the clarity meter-and-nomograph systen.

The field test provides experimental evidence that:

(1) the new watar clarity meter provides values of the water
clarity constants, -~ and KX , which are valid for predicting
the apparent contrast ¢f underwater objects by means of equation
(l), and

(2) the sighting ranges predicted by the nomographic charts
are valid when based upon values of (X and K from the new

water clarity meter.
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Reduction of Contrast by Atmospheric Boil*f

SeiBert Q. DuNtLEY, WiLiiaM H, Curver,t Frances Ricury,§ anp
Ruporpr W. PREISENDORFER

Scripps Insiitubion of Oceanography, University of California, La Jolla, California
(Received 26 May 1958)

Tt is shown that the probability of rec. iving light from an object viewel through a turbulent atmosp here
follows a normal Gaussian distribution. Furthermore the root-mean-square angular deflection of the points
of any object will be proportional to the square root of the object-to-ohserver distance. From relations
of the type described in the examples it i3 possible to predict the apparent contrast throughout a given scence,
provided the inherent contrast distribution, the optical air state, and the range of the target are known. The
optical air state for a given condition of atmosphere can be measured by using a telephotometer and a

series of long thin black bars of varying widths.

INTRODUCTION

NE of several factors determining the form of the
image of a distant object is the time-varying
distortion caused by inhomogenities in the refractive
index of the atmosphere. As is well known, the shimmer
of distant objects is caused by spatial and temporal
variations in the index of refraction of rising columns
of hot air, with the resulting disturbance of the propa-
gated electromagnetic radiation. This disturbance
causes time-varying distortion of the image and loss of
fine detail.

This phenomenon is of particular interest to the
geodesist, because it limits the precision with which a
telescope can be pointed at a distant ohject,! and to the
astronomer, because it blurs the images of the stars and
limits his reselving power.

Experiments on time-varying characteristics of
optical transmission through an inhomogencous at-
mosphere have been made by Riggs, Mueller, Graham,
and Mote,? who found that for a horizontal path length
of several hundred meters the average apparent in-
stantaneous displacement of a point on a target was
greater than 3 sec of arc with a maximum displacement
of 9 sec. The instantaneous displacements of points
separated by more than 5 min of arc were uncorrelated.

Some of the time-varying characteristics of the
shimmer effect are slow enough to be discernable to the
eve, but much of the effect is so rapid that only time-
averaged values of the radiance of the image are im-
portant for visual observation,

The analytic treatment of the propagation of electro-
magnetic waves through inhomogeneous media has been

*This paper was prepared under a contract between the
University of California and the Bureau of Ships, U. 8. Navy
Contribution from The Scripps Institution of Oceanograph .,
University of California, New Series.

T Presented in part before the Thirty-Seventh Annual Meeting
of the Optical Society of America, Octoher 1952 and abstracted in
J. Opt. Soc. im. 42, 877A (19°2).

t Present address: Institute for Defense Analysis, Washing-
ton, .

§ Present address: 1. I Plesset Associates, Inc., Los Angeles,
California.

LIE. Washer, « 1 H. B Wiliiams, 1. Opt. Soc. Am. 3e, 400
(1946).

YL AL Riggs, C. G, Mueiler, € H. Graham, and F Maote,
J. Opt. Soc. Am. 37, 415 (1947).

01

considered by a large number of investigators, The
rigorous solution of the problem by perturbation
methods in terms of the statistical parameters of the
Inhorogenities yields results in very untractable forms,
especially for one interested in the transmission of
optical images. Results derived from approximate
models have been useful for specific problems. The use
of the approximation of geometric optics vields results
in a form that is most easily used in problems of
optical-image transmission, particularly for the con-
sideration of the time-averaged image.

The validity of the geometrical optics approximation
of a particular case can be ascertained by the value of
the quantity a®/Ar, where @ is a representative size of a
turbulent viement, A is the wavelength of light, and r is
the distance from the turbulence to the observer.
It @*/Ar>>1 the geometrical optics approximation is
valid 3

For a slit of width a the size of the diffraction pattern
is equal to the geometric image of the slit when «?/Ar = 1,
Thus the criterion above is seen to be plausible.

The problem of transmission through an inho-
mogencous medium has been treated by (using the
geometrical optics approximation) Bergmann® and
(Chandrasekhar.” The results of this paper are consistent
with some of those of Chandrasekhar but are devived
front less restrictive assumptions.®

For an investigator interested in image transmission

SH. G, Booker, and W. E. Gordon, j. Geophys Res. 55, 2.4t
(1954).

P, G Bergmann, Phys, Rev. 70, 480 (1040).

8§, Chandrasekbiar, Monthly Netices Roy. Astron, Soe, 112,
475 (1952).

S The hierature of astronomical and terrestrinl seeing nas
virtually ignored the contrast reducing effects of atmospheric hoil,
{See Coleman and Rosenberg, J. Opt. Soco Am. 40, S07 (1050),]
Studies relating atmospheric stratification and transient physical
phenomena (e.g., shadow banls) to transient vmage phenomcna
(e.k., scintillation) [see G. Keller, Astran. }. 88, 113 (1953 and
J. Opt. Soc. Am. 45, 845 (195%), and Astron. Nachr. 283, 85
(1956) 7 as well as the many experimental and theoretical invests
gations of the dancing, pulsation, and tremor disk of images do ot
pertain directly to the lime-averaged, extended medinm  case
discussed in this paper. Slightly more related are the atmospheric
transfer functions of Ramsay [1. V. Ramsay, Optica Acta (Paris)
6, 344 (1959)7 and Scott TR. M. Scott, Phot. Soc. Fng. 3, 201
(1959)7 .- hmage measurements libe those of Djurle and Bick
['E. Djurle and A. Biick, J. Opi. Soc. Am. 851, 1029 (19615 1.
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Fio. 1. Ulustrating the geemetry of the derivation of @,

the distortion property of an inhomogeneous medium is
usefully described in terms of the distortion of a point
source. More preciselv, let a given point in the object
space be designated by the pair of direction components
W' ¥,), and let the point be assigned a unit isotropic
radiance. The exact form of (Y. ¢,’) will be given later.
If the distortion action of the medium changes sufii-
ciently rapidly over an interval of time, the successive
images (f.4,) of (0. 'W,/) appear essentially as a
continuum of points {a blur) in the image spa . For
the purposes of this discussion, a function ® is deiined
which assigns to each object point (¥ ¢,”) the time-
averaged radiance #(f,—y. ¥, ~¢,/) of the image
point (¥, The time-averaged radiance distribution
N on the image space is then representable as a coa-
volution of the function @ with the radiance distribu-
tion .V on the object space

N'(‘p:y’#!/) = /.\'\/Vl/r,y\by,)s)(‘;’x,”¢’1,~¢y/_'l/!/,.)d\b:,d‘#!//v (1)

J oy

where ¥ is the objeet space, namely, the collection of all
directions (f./¢,”). Since the location of the observer
s held fixed throughout the entire discussion, the
Incation svmbol x has been suppressed in the vadiance
function notation [ordinarily written N(x,2%,) ).

In the following discussion attention is given to the
statistics of the deviations undergone by a ray travers-
ing a path between a point ~ource and a screen some
distance away. Because of an optical reciprocity law
this derivation applies equathy well 1o an extended
tield of view, from which light is ceceived by w “point”
receiver such as an eve or a lens,

METHOD OF APPROACH

A theoretical treatment for transmission through any
inhomogeneous medium” has been evolved which s
based on the following considerations: The path of
sight is assumed to fie within o Gpatially and tem

TInchnding the oceans and other bodies of water, wherein re
{ractive inhomogencitics may result from suspensoids, including
transparent planktonic organisrs in addition to any inhumoge.
neities of the water itselt.

porally) uniformly turbulent medium made up of
uncorrelated  optically  inhomogencous  regions  with
dimensions small compared to the distance through
which the ray travels, Fach light ray undergoes a large
nuinber of deflections. Only small-angle detlections need
be considered. Using only these assumptions we may
consider the following.

Iiigure 1 shows the path of a light ray emitted at
Po traversing a turbulent medium toward an arbi-
trarily oriented screen 777 a distance r from the source.
The plane of the tigure is perpendicular to 7T and
passes through the path Po) of the undeviated ray.
Two perpendicular axes—the v and y axes —iie in T77. A
segment 7077 of the v axis is shown. The y axis is
normal to the plane of the figure and goes through (.
The ray now travels from Py to a point #; determined by
the condition that the rav will bave turned through an
angle whose projection on the plane of the figure is of a
small fixed magnitude « (in radians). In accordance
with our assumptions, the distance along the segment
Po?1 1s large compared to the dimensions of the centers
of turbulence. The projection {in ithe manner shown ir
the figure) of £, falls on 777 a distance vy awav from (),
As the rav continues along its path from £y it will
undergo further detlections. When ity direction has
been changed through ancther angle whose projection
in the plane of the figure is of the same nugnitude o,
P is projected on the sereen, where it falls a distance
xe away frons the projection of 7y,

In the same wayv the remainder of the path of the
ray is divided up into segments representing equal
angles of deviation «, and the projeciion of each end-
poine /2; is mapped onto the sereen 7777, Finaliv v, will
be the « distunce on 777 of the projection of P, from
the projection of £, ¢ where £, (£, 1s the last such
piath segment traversed by the ray before it strikes the
sereen, No generality is lost H £, i« taken to He on 7777,
since the distance over £2,£, 118 large compared 1o the
dimensions of the centers of turbulenee, 1t {follows that
the curvature of the rayv between 77, and 7 v un-
correfated with its curvature during its past or future
history so that the directions of projected path seg-
ments are uncorrelated.

The magnitude of v, cun be found m the following
wav from the small angle assumption. T 13, is the
distance ftom 2, to 177, then vy Dy For o large
nurber wof deflections, the vidue of 120 will approwh
A average value piven by (o0 d,, where d, s
the overage distance beiween 220 and 2,000 Then
v, (e Daod . The algebraic sign associated with any
particular v, i equald probability of hetng - or -
[t can then be seen that the distance from the point
(' to the point 2, can be found by ammation over
all the Vs with the appropriate signs,

Because the s are uncorrclated,  they can be
considered to be the steps in o one dimensional random
walk: Let v, the last of the 1s, be the {signed) length

D-a.
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of the first step in the random walk, v, the length of
the second and so on, Therefore the absolute magnitude
of the jth step will be jod,,j= 1, - .n. The size of the
steps in this one-dimensional random walk thus in-
crease linearly with each step.

DETAILS OF THE DERIVATION

The probability distribution for a one-dimensional
random walk can be calculated in the foilowing way.
The mean square deviation ¢*(n) of the distribution for
a walk of n steps is equal to the sum of the mean-
square deviations for each step

n
a*(n)= Y, a”,
=1
where
(= ja!]_l-

is the (signed) length of the jth step. Therefore,

" “n{n+1)(2n+1)
at(n)= 2. ja’d F=ak ﬂ[——-— e e ]
=1 6

For large n the expression in brackeis approaches §nd.
Therefore,
o ()= ko'd nt

Frowt a special central-limit theorem due to Liapoun-
off,# it can be shown that the angular probability
distribution approaches @ normal distetbution whose
miean is the position on the screen reached by the
undeviated vay. Liapounofi's theorem states the fol-
lowing: let &y, s, X3, be independent random
variables, and denote s and o, as the mean and stand-
ard deviation of ;. Suppose that the thind absolute
momeni of x; about ils mean

o B Fapectation (Ja,—~m; 1)
is fintte for every ; and define p* as
"
K. oA
o= 20 0t
Il

Then if the condition lim,,, Upla) o) 1o O s satistied,
the resu't is that the sum

is asviptotically nornal,
This can be cpplied to the case of the above random
walk in the foliowing way

P = odd B3 e oA bk (A 1)R L
st

FHL Crawver, Mathesnadical Methody of Statistice {(Pronceton
Uhdversite Press, Princetom, New Jersey, 1946) ppa 285 200,

0
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For large n
PP {n) = Ll Fnt

p(n)” nid _
Hm | - - ]= lim o= hm nY0=20),

nor o g, R12 nor w
nil

and

e e -

and thus the hypothesis of Iiapouncif’s theorem is
satisfied.

Hence it iv shown that a continuum of rays starting
with a given initial direction and which traverse a
medium whose ontical properties are uniformiy tur-
buient will give risc to a continuum of terminal points
on the target plane such that the density of the points
projected onto the x axis follows a normal distribution.

Since

P

r=nd,,
we may write, aiternatively,
o2 )y=a%/3d,, for fixed « -

Thus the spread of the Gaussian probability distribu-
tion increuses as the 3/2 power of r. Wo now introduce
the angular variable ¢.==0/r In terms of ¥, the
spread of the prebability distribution £,(¢,) is propor-
tional to 7' The normalized Gaussian probability
distribution with root-mean-square deviation given hy

o (1) = (ot /3408

1

LY P I

Py e - < -pxpd e [ e
(2 e (r) l 2..';rx(r\_’ I

Fhe above derivaqion way be extenled to the two-
dimensional case. The new derivation is similar in i
details to the former, In particular the saoe angle ©ie
used, However, the projections of all ray seguents are
now onlo the v axis in the plane $77 and in general a
new average distance 4, must be introduced, The result

IS
. ) ‘ i 5”'.1/ )]
P el |
(2wt (1) Lo, ().
A sty
Jomo o) ( )
) R

In genersd the two-dienzivual prabab ity idistribution
s of the form

ey e g 'H),
RSN g UJVII‘,',,!\ \..17”"11‘_] 1

w
2
—
i
S«
~
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where g is the coriclation coellicient Lotween £, ()
and P, (). Along a horizontal path of sight the
vertical displacementi of a point would be expected to be
uncorrelated with the horizontal displacement. In this
case

1
(s (‘I/Jyd/ll) N
27rcr, (r)(f,, (r)

<o (5L L)

If the turbulence is isotropic, ie., if d,=d,=d, then
o (r)=5,(r = (a’r/3d) =0 ).

If we set 2=y 4y,% then under these assumptions
(p=0, d,=d,) we have

Ce W) = [ 2ma(r) ) exp{— 3¢/ o (r) T'}.

The foregoing formulas give the probability that the
termunal point 2, on 777 of a light ray aimed along
Py lies in the direction (¥.,) as seen from Py By
tracing the light rav in the opposite direction, these
formulas admit the following interpretation: they give
the probability that the image of the point (Y.¢,) on
7T’ is at the origin (0,0) of 7T, For fixed r,¥, is thus
the required function defined in (1),

OFTICAL AaIR STATE

The lower limit on tie size of « is determined by the
condition that the direction of ~uccessive steps be uncor-
related. This condition will be fulfilled if (as assumed
above) the average distances o, and d, between suc-
cessive PVs s large compared to the dimensions of the
inhomogeneities of e medium. It follenvs that the
quantities 1, (of 3d,) and 1, e 3d,) are proper-
ties only of the wedium and not of the l‘n;,vt. The pair
of numbers (1,,1,) is called the optical air state of the
medium and gives a useful measare of the optical
tuwrbulence of tiwe atmospbere. If the turbulence i
isotronic, the optical wir stale is a single number |
AL Inomoest applications e tarbulence is
essentially sotropre. The assumptions p 00 1.0 1,
will be in force for the remainder of the paper. As
CORSEOUCNCE We iy wiite

Pogr [ 2 enpl S 200
PoAg,y [ Qe bt fexpl ) 2,

andd
1 e
ALY S A TV 2R W A Y/ c\])( ), 1)
Ir

where

TIME-AVERAGED APPARENT RADIANCE

Actual computations of the time-averaged apparent
radiance distribution N, can now be carried out by
means of formula (1) in which the explicit expression
(2) for the function @ is used. A particularly useful
formula for N, arises in the following special but im-
portant context: let a target occupy a subregion
¥, of object space V={{,/ ¥, )i—® <Y <=
— o <y, <o} let the apparent radiance distribution
N, over ¥, be uniform and of magnitude .V, Let the
remaining portion ¥, of the object space (the back-
ground of the target) have uniform apparent radiance of
magnitude ,.V,>0. Then, from (1)

N’,-:"/ ;V,»’.’Pr
Jw
=1 N+ V ,<§’,.+j bV = bV b,
¥y J oy Wy Jowy

Nr— P;A\vr)/ (s‘r'+' h:\vr
Wy

This result, 1 more detail, states that

N" (‘\[’n\t’y)

= (\tAVr“' b~v')/ ‘Pr(k[/z'_‘l’.r/- ‘;’u“_‘p.z/’)([¢’r,‘l¢’l//'+'1'-\v
Wy
(3)

for all (Y, 40, m¥,

A perusal of the derivation of &, would show that
(3) (and in fuct any formul making use of the derved
@) is strictly applicable only to those regions W, of
Vowhich are angulivly smalll Tt s precisely this kind
of trget, however, which 15 of privary concern i
contrast-reduction problems invaolving atimospheric boil,
These Gargets have thelr tme-averaged rsdimee greatly
mithuenced by their background radianec, Onthe other
hand, the thue averaged Hackground radinnee of ~uch
Garges is virtuallv unatfected by the target’s radiance.

TIME-AVERAGED APPARENT CONTRAST

The troduction of the notion of conteast mreatdy
fucritades the solution of  visibaliny problene s et
o, and 8, ¥) be any two poits iacither nnage
or abject space, The conrrast C0f o of g0 with
resprect tooof, 0, s detined as

COf b LV Vi 0 DN g,

wheie Vs o siven radivnee distributcion, Vb -0
s exaonple consader the appacent vadianee distrim
tion Vo detined o the preceding weition et tf ¢ I
an arbirzey fioed point in ¥ Then the appanent con

D
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trast function C, on ¥ has the following form; K. Tl
~
(‘T for (‘p:y‘py) in \I,t) CrE(K[Vr“bA‘Vr)//bA'Vr, "
Cr(‘/’rv‘l’v) = RN
. ¢ for (Y. ¢,) in Py, N, N,
; . ]
In this context we can say that the target ¥, has a Sl |
contrast C, with vespect o ils background W,. In ac- =
cordance with the general definition of contrast, the J oN,
time-averaged apparent conirest function (', necessasily s “—-T—.« ¥,
has the form x
8o = DN )~ 0 VTN ), e mered oige (exampre A). P
Now let (0 W,/) be an arbitrary fixed point in ¥,.
In view of the comments of the preceding section, we  target ¥, consists of all points (.,},) such that ¢, <0.
may for all important cases write ér(w‘h#ju) as The background ¥, is the complemcmary rcgion of all
~ - N . points (Y,,) such that.>0. ¥, is assigned the uniform
Coleh) =[N () — o N 1N, (4) apparent radiance (V,. From (3) with (2)
_] where (§,¥,) is any point in ¥. By adopting this con- Noaiy)
-3 vention, (3) vields the following approximate but sy
] highly uscful contrast formula 1 ¢
| = (I]Vr—" b~Vr)!—’>_~/ /
| 0t =G [ O, U () i
Cr(fe b)) =C | @ — — (¢
’ / YemEe MRy FoL W =) ,
XexpL—~»-~-~——— i i<1¢',’11¢/y'}~§-,,.\.
From this we immediately deduce the general facts that 2 Ar d
N oy . i — 1 © F'L‘
Cogad )| S1C) dorall Gug) in ¥, _ ‘N”A\,r)[w / cx})(- 2 )1 ‘p] .
and the handy rule ¢f thumb for very small targets of (2rAn)t )Y, 24r
arer (@ and arbitrary shape N is plotted in Fig. 2,
lr, Co= @ 2w 9% (6  The time-averaged apparent contrast is, by (5):
This points up among other things an nverse-cube - ¢, * VBN
decav of . with range r. This relation miay be used Oy ‘ / t‘XP< - )u’\t’/;'»
to exolain in simple terms the loss of fne detail on ) (2mdn)tty, 2:Ar
et o }. . . e The hmte
targets as the observer target distance Is iacreased, lim €6, =0
b For by subdividing the given target into sufliciently ireo Tty '
small clements vach of area ¢, {6) will deseribe the B
tme-averaged contrast of the clement against its hack- i O, O
ground consisting of the remainder of the target area. oo
NOw \\'l'l”(' the tlux from the element falls off at o rte which hold far all g, agree with the vidues one would
proportionel to v 7, the contrast (and hence the dee
tectability) of the element fadls off at a rate [ropot i
tor * loshort, tine detail ona receding target is tost at
| a greater rate than the thuy fram the entire trget. As o
consequence, the detarh on o targetl s Jost from view
4 soonetr than the target itself Despite the concession 1o

complexity made an (9 the resulting fonoude (5)
fuithfully reproduces the man features of the tie
averaging alfect of aimesphiene boil pheoonwna, s the

following examplesiHusieate,

¥
' EXAMPLES
L
. Long Strai Ldge
A. Long Straight Edge : / .
Consaderanombmtely long straight bouondany bevween 0 T e
two tegions of objert space each with i distioet aniform
apparent riviance (\m 2 For tins t'.‘-,:lllx}:[t, the Froo 30 Dnagrame for the de-mvation e exanple 1
i ATES
)0
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F16. 4, The characteristic shape of the time-averaged contrast
profile of two long black bars of the dimensions shown.

expect on the basis of the values of the unshimmered
contrast 'y discussed in the preceding section,

B. Long Thin Bar

A long thin bar may be represented by the sub-
region ¥, of ¥ consisiing of all points (Y., ¥,) such that
—a <y, La. All other points of ¥ form the background
¥, ¥y ois assigned the uniform radiance (N,. ¥, the
radiance sN,. Then froin (3) with (2)

(-Vr(¢’-rku>
' /'d /‘ [ 1(‘;"& "\l’ 'y +(¢’y \//u _]
. expl - -
ety L)L 2 Ar .
Ky,
(" ¥itau ‘l/r".‘
S ('.\p( - )N/,‘/,
ety . 2.0/

Tae esy o verify that YO athains 4 taximum at the
point (U0 e, {0,0) 35 the extreme contrast attained by
O, oover U, Le. C00) i either 4 masimum [ Gif 1000
in positive ] oor w0 mininn [ Ca0,0) is negatived.
i this and the preceding
Sone
S Obearve

Tt as clear trom the peometry
example that € 15 independent of contrast

probles of shineered bavs e -hown i by
that the

dinensiondess

widthn of the iy e piven i teroe of the
SVt e Taots

the neasrenwent of f.

pritine e will b

of sorme use in the dieu son of

C. Rectangle

A rertangle i e centered on the e o dehioed

aw the ~ubregon b consetiiy ol o
that  a L ay o el s b From (5 wath 120 ater

y

Hpomte oy o aich
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some reductions,

"

B Cr vrta ‘//:: 2
C b= -] / o= >dw;]
2n Ay ca 2Ar

"V‘f‘"’ 1;01/2
\([f exp(—» '4)(1 y'],
Yy -b 2/17‘

The computations of C, for a rectangle can thercfore
be carried out by using thie resuits of example B.
D. Circular Disk

A circular disk ¥, in ¥ centered on the origin and of
angular radius ¢ is the set of all points (¥,4,) such
that Y24y, <y¢? (Fig. 3). From (5) with (2) the
associated contrast expression is:

¢/1/ J

OY(¢Z:¢U)
Xdg /' dy,.

// l: 1 (‘l’z ‘l’ I) +<‘l’y
expf —-—- -
7,4, Ar

[ 22 X 2R

An examination of the function €, would show that in
this case C.((w24v,2 100 —=C.(¥.,) (circular sym-
metry). It 1s therefore sufficient to consider the evalua-
tion of

Cr(¥:,0)

', /

271"17' J
Lty

[ UV TR
L‘.\lp e - - J
2

Ar
Xdp,'dy',,.

Adopting the foliowing transtormation of coordinates:

v cos ) ¢ sing) we have

- ¢, S AR RS

CLg.,0 / «-x;»[ ]
2reirty _ 24y

v (u()
l / v\p( J( }¢ &y
—.T I

- - )

actore b e anven e vantragy
Wb Doaie ol B wodinh

P S5 Hlustratimy the chon
prottes of Jong Lok Lo e
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The inner integral 18 readil evaluated:

/ cxp/: ms@’)d@'m 2 /‘ cos(is sing 0" == 2xly(2),
0 \ Y ,
A2

gy
Ar

whete £y i a2 modified Bessel funstion of the first kind,
of zevo order, which has the series representation

(: ‘_2)'3}‘
lo(z) 2
ke (B
Henee
. Coopt e (W 20
o0 / {L J
Arda Lot (A
SRV
o] J g,
2Ar
which may be rewriticn as
. @
Cop o e i 2 Pep ko b1y
k) (A'
\\ll('[('
Prak ) }’ vie wdy
o
detines the mcomplete gann fupetion, for which

Labnlations exist® and @, ¢ 5 2o NI F S LR
easy o hedk that €, s Jecrcasine fungtion for

increasing 4,,so that PO attains o nasiniui s 104

has O e helow a Uiteshold vontast, the
entee disk o

Wl Peurson, {ebley of the [ncom plete Gummi Franciion (A

Lobdge University Press, Canhiridyr, Voo, TG40

areletes tabie The formula for 0D i

Za/./:‘«—r_‘

readily obtained:

GO0 = C e 20 = C LT —expl ¥ 2407

For angularly small dists

C {00y C (@ 2w tr),

where (@ = o {gr)? and which agrees with (60, 15 ¥+

Lo if the disk s infinitely large, then sinee

LV
e k1)
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N

factor of four from its predecessor. From example B
f )

o l .u/(xlr)’

', (0,0) / exp (= L)l
m)t) wan?

By means of this integral, each choice of the ratio
2a/(A9)} leads to a corresponding value &,(3,0). These
correspondences are graphed in Fig. 6. The experi-
mental precedure consists in measuring C,(0,0) for each
bar by ccanning the bar with a telephotometer at a
given range 7. The four corresponding valucs of 2a/ (:1s)}
are then picked from the graoh, Since ¢ is fixed, and 2a
is known for each bar, .1 can then be determined.

We cbserve finally that before using the graph in

APPENDIX D

e Y DN D e T e ST

i, 6 the measured values C.(00) must be corrected to
reawve the reduction effect on the contrast induced by
the searterig and  absorption mechanisms of  the
atmosphere, For horizontal paths of sight, with the
usual uniformity properties, the corrected values are
given by C.(00) exp(-+7/L) N /aN ), where 1 s
the attenuation length of the atmosphere. '
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MALLA WHARF
(An excerpt frum the log of the search foi an ocean site for an underwater (aser experiment.)

One day was spent flying around all of the islands. except Kaui, in a Marine C-47. A number of color

shotographs were taken to show bays and shorelines. A general consensus 12d {o one spot on the west
1] y

(lee; shore of Maui at Lahaina, A 1000-ft iong condemnad, concrete wharf there could provide a platform
for the caisson and some laser locations. The wharf was built many vears ago but was little used by
cargo ships because of danger from Kona (SW) winds. During the daylight hours current averages 1 to 2
knots. This presents a problem, At night when winds are down, the current should not be too great, but
this s only a speculation hecause there was no way tc measure it. The sketch depicts, roughly, the Mala

Whart,

Horizontal visibility just off the end of the whart w=s 83 t2c:, measured by horizontal sightings of a
red bottomad boat from six feet under the surface. Th's observation was done in full 11:00 AM sunlight.
The shadow of *he boat undoubtediy enhanced percepiion.

Measured frem the shore, the first 400 feet of whar? was considerad unusanle because the water is too

The usabte 6U0 teet ol wharf could he extended out tn the required 1000 feet by building under-
The north side of the wharf would be the better

siiallow.
surtaca pilings (with buoy markers} for iaser mountings.
location for the caisson. Hsavy timbers should be lashed to the oppusite side of the conurete pilings to
afford protection from possible southwest (Kona) winds. The best weather is from March to November.
Normal waves in the area are about 1 foot high with occasional swells to just over 2 foot.

Permission for the use of the wharf could he secured from Mr. Fujic Matsuda, Director, Department of
Transportation, Division of Harborz, State of Hawaii, Henolulu.

'T Trades
. /A/m’
‘ &
Konas ~
N
{
!
400 500 400 760 o0’ 00 1000 Yubmerged MAUI
f i T i T R Reef
Water Depth Av, Mean Tide Breaks
10+
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e
20 k- \\\‘\ Bottom North Side C\
\ . LAHAINA
— !
—— L. e
Siore ¢

MALA WHARF ey Sea
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Water 100 shallow for cassion in first 400 feel of wharf
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properties.

INTRODUCTION

ISTANT objects are usually viewed, photo-
graphed, or televised by means of some pati of
sight through ithe atmosphere. Conventional principles
of geometrical and physical ortics suffice to describe
the naiure of the finai image except for effects due to
the atmosphere. In nost circumstances, however, the
configuration of the image and its inforraatica content
ts affected, often seriously, by its transmission from the
abject to the receiver. The atmosphere can be regarded
as a transmission !ink in the object-to-image chain and
the concomitant effect of the pertinent optical atmos-
pheric properties can be regarded as governing its
image ‘ransmission.

This paper i¢ intended as the first of a series de-
scribing the results of an extensive on-guing research
program which has already been in progress for several
years. Resvlts frum nunerous theoretical and experi-
meatal investigations of image transmission phe-
nomena are rcady to be veperted and further research
of many kinds is in progress. Experimental results from
a single yvight comprise the factual content of this first
paper and the equat.ons are limited to certain general
relations needed for the practical utilization of the data;
this is in keeping with the scope of the oral version of
the paper as presented at the Cambridge mecting of the
International Commission on Optics.

The specially instrumented B-29 aircraft used to col-
lect the data reported in this paper hes, cn other flights,
securcd data up o 30 00C it under several dificrent
atmospheric and lighting conditions; and subsequent
papers in the series will present data from these and
other flights. The optical properties of the tropusphere
are of speciai irterest because most viewing dakes
place through it. Roughly three-fourths of the atmos-
phere lies within the troposphere and hecause this icwer

* Presented at the Fourth Congress of the international Com.
wission of Optics, hels in Cambridge-Boston, Massaciusetis,
March 28-April 3, 1926, Published with financial assistance from
UNESCO and the Internaticnal Unien of fure snd Apohed
Physics.
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Yorce Cambriige Research Cenier and the Bureau of Ships of the
JoB Novy under contracts NObs- 43356, NObs-50274, NObs-
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Quantitative treatment of the apparent lurainance of distant objects and the reduction of apparent con
trast aiong inclined paths of sight through real atmospheres has been accomplished by means of optical data
taken from an aircrait in fight. Sample ¢ata from a single flight are used to illusteate seme of the principles
involved. Correlation has been found between the humidity profile of the atmosphere and its aptical

air often contams haze, clouds, dust, and rain it seri-
ously aifects irnage transmission more 1requently than
do the higher strata. Exploration of image transmissicn
phenomena in the stratosphere must await an oppor-
tunity to instrument a vehicle having greater altitude
capabiiity .

SOME GENERAL PRINCIPLES!

Introduction

In the absence of appreciable atmospheric boil! the
apparent radiance of any distunt object is the suni of
two independent components: {1) residual imnage-
forming light from the object that has truversed the
atmospheric path without having been scatiered or
absorbed; (2) radiance created by the scattering of
ambient light throughout the path of sight, including
sunlight, skylight, earth-shine, .=, Only the first com-
ponent contains information about the object, for the
second is the result of scattering processes throughout
the math of sight and 1s, therefore, independent of the
naturc of the object. In this paper the image trans-
mission of any path of sight will be specified in terms of
the transmittance of the entire path and the path

liance. No theoretical model for the atmosphere is
reeded ; consequently, nearly ali restriciive assumptions
are avoided and the equations can he used to describe
any path of sight through ail real sotropic atmospheres
with any lighting condition. To be useful in practice,
these equations must be supplied with data and these
are becoming svatlable as a result of the fignt research
ProgramM now in progress.

Notaiion

The notation used i this paper has been adojitea
with great care and on the basis of experience accumu-
lated over many yeers. It is designed to fulin many

1 The principles presented in this paper and in subsecue it
papers of this s2ries were formulated in unpublished lecture notes
uged winiin the Vistbility Laboratory of rthe Seripps Insiitusion
of Deganagoaphy which wnctade, reneralize, ond extend earlier
worl by (he autnory and ctaers (R W Prefseod afer, “Lectures
on amrery, hydrolegical sptics, atmospharc aptivs,’ Call,
19053, vou k),

Yhwundey, Colver, Culver, and Freasendorfer, J.oopt Soe. Am
42, 87TA (1982); pablication of this papes is planned
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requireraends: Tt is suited to the terrestrially-based
system of altitudes and directions in which flight data
must be caken and it is fully compatible with the more
powerful vector notation required for the generalized
theoretical treatments of image transmission and radia-
tive transfer phenomena to follow. It is compatible also
with the notation comwmonly used 1n seveial mathe-
matically allied fields of physics, as for exampie, neutren
diffusion theory. It is extendable to hydrological optics,
4 natural counterpart of metenvological optics, in which
the authors of this paper are deeply interested.

The basic symbol emploved for the spectral radiance
i5s ¥, and the symbol for luminance is B. The altitude
of the photometer is denoted by 2z, the height above
mean sea level. The direction of any path of sight is
specified by a zenith-angle § and an azimnth angle ¢,
the photometer being directed upward when 0 <8 <x/2,
asin Fig. 1, 2,8, and ¢ are always written as parenthetic
attac hm"ntcs to the parent symbol. When the post
subscript v is appended to any symbol, it denotes that
the quandity pertains to a path of length r. The sub-
script 0 always refers to the hypothetical concept of a
phetometer located at zero distance from the object, as,
for example, in denoting the fmherent radiance of a
surface. Pre-subscripts identily the object, thus the
vre-subscript b refers t¢ background, and ¢ to obiect
or visual target. Thus, the (monochromatic) inkerent
spectral radiance of av object £ at alticude z, 25 viewed
in the direction (8,¢4) is .Vo(2,,0,8) and the corvesponding
apparent radiance observed in the direction (8,¢)
any other altitude z is .V, (2,6,¢) where 2,2y cosf. A
post-superscript ¥, or post-subscript o is emploved as a
mnemonic symbol signifying that the radiomefric
quantity has been generated by the scattering of aebi.
ent light reaching the path from all directions. ihus
V. *(2,0,¢) is the spectral path radiance observed at
altitude s in the mdicated ditection, and {(N.z,0,4) is
used to denote path fwaction, a quantity defined later
i this paper.

The (muonachromatic) apparend speciral radiance of
any disteni object s

el = To(s 8 o) (NVole )+ N 58,0, (1)

where he first ferneon the ripht is the residual Binage-
fomiing light from the snject and the second term is the
path rudiance due 1o scattering processes -hroughout
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the path. T.(2,6,4) is the spectral transmittance of the
path for image-forming rays; it includes the factor
[n( V(e required by geometrical optics whenever
the index of refraction of the medium at the chserver
Un{z) ] differs from the index of refraction of the medium
at the target [n(z)7]. Tn the case of paths of sight
through the troposphere the departure of {n(z)/n(z) !
from unity is negligible. The transmittance of che path
15 a property of the atmosphere throughout the path
and is independent of the distribution of the ambient
lighting: in the case of any path of sight through the
troposphere it is the same for upward or downwas’
transmissions, thus T, (z,0,@) == T, (3¢, 78, # +p) whe: .
zy=2+4r cosf. Because forward scattering generally ox-
ceeds backward scattering, reversibility is not tive o”
the path radiance V:*(5,9,0) except for a few syr.
metrical lighting conditions, such as (1) horizorcai
paths of sight under a uniform covercast, and (2) a hozi-
zonta! path at right angies to the plane of the sun pro-
vided both the radiance distributions of the sky above
and the earth below the path are symmeirical with
respect to the plane,

The image trensmitting properties of the atmosphere
can bte separated from the optical properties of the
object by the introduction of the comtrast cencept:

The inherent speciral contrast Co(ze,9,¢) of an object is,
by definition,

CO (Z;,e,d)) = [:F\“VO (Z:,e,lb) - b*‘v() (Z[,ﬂ,cb\)]/b:\ro (ZI:G ,(b) > (2)

The corresposiding definition {or apparent spectral con-
trasl is

S (2,0,0) = [V (28,0)— oV (8,8,0) /6N (3,08).  (3)

The apparent and inherent background radiances are
related by the expression

WN, (d 6 l\b) ?r( 6,'1‘) 2y n(‘.zﬁ,fb\}"‘f‘“ A\lv,* (Z(),(f)) (4:)

Theorems
Subtracting Fq (4} from Eq. (1) vields the relation

[(Avr (z,&)'i)) o b-vr (7:9y¢) :}
= .'[‘\r (Z.G,d)) [‘p\’(‘y (ZJU,¢1) - b{\”o(ﬁg,gﬂ&} :] ( 5)

Thus, radhiance differences are trunsmitted along in-
Hined paths with the same attenuation as thai expen-
enced by each image-forming ray.

1 Eq. (3) 15 divided by the apparent radiance of che
background &V, (2,6,9) and combined with L. (3), the
result can be written:

C‘,(Z;G;d’) = :' Kv (770#})
XN o{e ) 5N (28,80 o Nolzbi4h)s

When the mherent radiance of the background is
very dark, as in the vase of an ohject at high altitude,
the second termin the brackets on the right side of
Ea. (€) may be neglgible.

WN 2880 (6)
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+Combining Eqs. (2) and (6) vields the rxpression

(.7.- (Z ,0,!&)/(:() (8 t ,6';4))
= T.—(Z,g‘\b) b'VO(Zhov‘b)/h‘Y’ (Z)0v¢)' (7>

The right-hand member of ¥q. (7) is an expression for
the contrast transmiltance of the path of sight; it is
independent of the optical properlies of the cbject.
Equation (7) 13 the law of contrast reduction by the
atmosphere expressed in its most general form ?

An Ivteresting variant of Eg. (7) formed by combina-
tior. with Fgq. (4) is the following expression in which
conirast transmillamce is characterized in terms of path
radiance and inherent background radiarce:

(;‘r (Z,g,¢),//C0 (Zl)e;¢) == 1"‘ r[_-,-vr* (2,07(&)/5.\"(2,074))]. (8)

The apparent indeterminateness of Eqs. (7) and (8)
when applied to the case of objects outside the atmos-
phere can be avoided by the use of the limiting form of
Eq. (6), as foliows:

Crl(20,9) =70 (28,0) :No(2,8,8) /6N (288).  (9)

It should be eraphasized that Egs. (1) through (9)
are completely general; they apply rigorously to any
path of sight regardless of the extent to which the
scattering and absorbing properties of the atmosphere
or the distribatiens of lghting exhibit nonuniformities
from peint to point. No theoretical model of the atmos-
phere is involved and no restrictive ossumptions have
been made. The equations car be used in treating all
real atmospheres and ali real lighting conditions. This
15 in sharp distinction to treatments of the subject
which are based upon theoretizal models of the wumos-
phere which invariably involve major assumptions such
as horizontal uniformity, exponential lapse rate of air
density, vertical uniformity of particle size distribution,
negligible earth curvature, etc.

Equation of Transfer

Trage-forming light 1s lost by scattering and absorp-
ton in each elementary seginent of the path of sight
and contrast-reducing path radiance 1s generaied by
the scattering of the ambient light which reaches the
segment from all directions. The quantitative descrip-
tion of this scattered component of path-segment radi-
ance imvolves a quantity called the path function and
denoted by the symbol V, (2,8,¢0), where the mnemani
subscript symhol 4 is used both to suggest light reaching
the path secgment from all directions and to denote that
the quantity is a point function. The parenthetical
symbols {2,9,¢) indicate that the path function depends
upon the direction of image transmission and upon the
location of the segment in the path of sight. The path
function depends upon the directional distnbution of

* Equation (7) is a generalization of Eq. (15) an p 183 of
5,42 Duntley, J. Opt. Soc. Ami. 38, 179 (1948},

Frc. 2. Mlustrating the derivation of the equation of transfer.
Az s uefined as z; 2o, so that Ar= Az sec is always non-negative,
The difference AN (z,8,0) between output and input is N (z2,0,¢)
~N(z1,0,¢).

the lighting on the segyment due to its surroundings; it
can be operationally defined in terms of the (limiting)
ratio of the path radiance associated with a chort path
to the path length by the relation Vi (2,8,9) = lim (Ar-50)
X Va*(2,8,¢)/Ar. In experimental practice, the path
length Ar should be sufficiently short that no change in
the ratio can be detected if Ar is made shorter. Ap-
paratus for path function measurement has been built
and will be descnbed elsewhere.

The loss in image-forming light due to attenuation
by scattering and absorption witidn any path segment
Is proportioral to the amount of image-forming light
present; the coefficient of proportionaiity will be
written in the reciprocal form 1/0(z). and L(z) will be
referr»d to as the c!fonuation lewglh. 1.(z) 1s a function
of position within the ;-ath of sight; it does not depend
upon e umage transtosston d et 'on unless the aero-
sol is enisetropic, as sometimes occurs in the case of
fulling snow, it is independent of the manner in which
the path segment 1s Lighted by the sun or sky; it is a
physical property of the atmosphere alone. Attenuation
includes less of image-forming radiance by absorption
and by scattermg. Absorption refers to any thermo-
dvnamically irreversibie transformation of monochro-
nuatic radiant energy Including, primarily, conversion
of light into heat but also fluorescence phenomeny,
photochemical processes, ete. Attenuation hy scattering
results from any change of direction sufficient to cause
the rudiation to fall outside the summative radius of the
Getector mosaic.

In any path segment of length 4y = Az sedd, as
tlustrated by [Py, 2, the difference AV (2,89) between
output and input radiance is attributable to a gain
term Vy(z0.0)Ar and a loss rerm V(s 0.¢1Ar/ L12), o
that ANz 8,8~ Vilo @) dr~ V()N L(2). This
relation may be rwntien

AN (28,0) Az sncleo Vi (r8.)— Nz @)/ 1z, (1)

In cenformity with usage in other fields of physics
Eq. (100 will be referred to as the incremental form of
the equalion of travsfer. T s implicit in this cquation
that Az must be taken suftiently small so that over
this interval Z{z, and Vi(afe) may be regarded as
constants within the precsion of experimental data.
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Equation {(10) is v steady-state equation of continuity,?
based upon the conservation of energy principle; it
refers only to nonemitting atmospheres, since an addi-
tional term would be needed to represent emission of
radiation in the path, as by fluorescence, recombination
phenomena, particle excitation, etc. Self-radiosity
within the visible spectrum appears to be of neghgible
importance in the troposphere. Equations (1) and (4)
may be regarded as integral forms of the equation of
transfer.

The equation of transfer and the concepts of attenua-
tion length and path function share the same generality
as the concepts associated with Egs. (1) through (9):
No theoretical model atmosphere has been employed;
each of the equations in this paper is applicable to all
real isotropic atmospheres, all lighting conditions, and
all paths of sight. The use of the equation of transfer in
numerical summation procedures involving experi-
mental data will be illustrated in a later section of this
paper. Only when Eq. (10) is simulated by a differential
equation and an analytic integration performed does
the introduction of a theoretical model for the atmos-
phere become necessary; this will not be done in the
present paper.

Equilibrium Radiance

Many image transmission phenomena are most
clearly understandable in terms of the concept of
equilibrium radiance. This concept is a natural conse-
aquence of the equation of transfer, which indicates
that some unique equilibrium radiance N ,(z,8,¢) must
exist 2t each point such that the loss of radiance within
the path segment is balanced by the gain, i.e., AV (3,0,¢)
=0, Thus

0= A"Vt <2y6)¢) o Zvv(z;(iy¢)/L (.z)) so that
A’q(zlgl¢) =‘V*(Z;0)¢)L(z) (!1)

and the equation of transfer (10) may be rewritten as
follows:

AN (20,0} Az s2c8=[N (20,9)— N(2,00) 1/L(z). (12)

Equation (i1) shows that each segment of every
path of sight has associated with it an equilibrium
radiance, ang Eq. (12) states that the average space
rate of change in image-forming radiance caused by the
path segment is in such a direction as to cause the
output radiance to be closer to the equilibrium radiance
than is the input radiance. This segment-by-segment
convergence of the apparent radiance of the object to
the dynamic equilibrium radiance is illustrated by the
data in Fig. 6 of this paper.

¥ The equatinn of trunsfer has been generalized to the transient
case, and rigorously derived for an arbitrary optical medium,
using the concepts of measure theory. R. W. Preisendorfer, “A
mathematical foundation for radiative tranefer theory,” Doctoral
dissertation, U.C.[L.A.,, May 1956. An exposition of this theory
has heen submitted for publication in the Journal of the Optical
Society of America.
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When the path of sight is horizontal and optically
uniform both in terms of the composition of the aerosol
and its lighting, the equilibrium radiance is ideuntical
with the apparent radiance of the horizon. The apparent
radiance of distant objects inherently more radiant
than the equilibrium value decreases toward the equi-
librium radiance as an asymptote; conversely the
apparent radiance of any dark distant object approaches
the sane asymptote.

Equilibrium Contrast

Many of the foregoing equations can be rewritten
in terms of equilibrium contrast, Co{zf), which is
defined by the relation

Co(z0,0) =[NV, (2,88)— No(260) 1/ Vo(z,68). (13)

Notation of the type defined by Eq. (13) enables the
equation of transfer {10) to be written

AC,(20,9)/Bzsectd=—Co(z0,9)/L(z)  (14)
or ’
ACiz,8,9)/Cq28,0) = —Adzsech/L(z),  (15)

provided that the equilibrium radiance ¥ ,(z,8,¢) is con-
stant on the segment of path under discussion. In this
case the fractional change in equilibrium contrast
depends only upon the ratio of the length of the path
segment to the attenuation length. The negative signs
throughout Eqgs. (14) and (15) signify that equilibrium
contrast decreases in absolute magnitude in the segment.

EXPERIMENTAL METHODS
Introduction

The apparent radiance of any distant object can be
computed by means of Eq. {1) if the transmittance of
the path of sight and the path radiance are calculated
from experimental data. This can be done from profiles
of attenuation length and path function for the path
of sight by means of the relations

T, (2,)=[n(2)/n(z) P IT exp{ —br/L(z))

D@ /mE) T exp(—ar 3 1/LG))  (16)

=1

and

A7""‘ (3,0,¢)) = 1)7 Z T,-,(z,(),(b) "vt (Z.‘,H,(,b) ’ ( 17)
]

where the vertical height |z,—z] of the path is divided
into m equal segments of length Az, and Ar== Az sech.
L(2:) and V4 (z,8,¢) are the mean values of L and V,
in the ith segment. r,= (1—1)Ar, t=1, - m.
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Attenuation Profile

An experimental technique for measuring the vertical
profile of attenuation length in horizontally uniform
atmospheres has been devised around an air-borne
version of an instrument based upon principles de-
scribed eatlier.® Figure 3 shows this attenuation meter
mounted on the B-29 aircraft used by the Visibility
Laboratory in its flight research program. The optical
system is shown diagrammatically in Fig. 4. The for-

Fic. 3. Specially instrumented B-29 aircraft used to collect
the data presented in this paper. The long cylindrical apparatus
on top of the fuselage is the atenuation meter, shown schematically
in Fig. 4. The smaller cylindrical device which appears slightly
forward of the attenuation meter is the sky-scanning telepho-
tometer. It consists of an end-on type multiplier phototube
mounted at the focal point of a parabolic front-surfaced mirror
12 in. diam. Scanning is accomplished autornatically by means of a
turret and trunion mounting; scanning time for the entire hemi-
sphere is 90 sec. Field of view, adjustable by means of inter-
cEangeablc field stops, was circular, 5° in angular diameter in the
case of the data shown in Fig. 6. Sensitivity is sufficient to map
even the darkest high-altitude night skies. Spectral response is
controlled by absorption filters. A similar (downward-viewing)
telephotometer is mounted beneath the aircraft but is nut shown
by this photograph.

— L\E):GTNr__—
T TTTTT \
( jl >, (s
Q L EREN
LOGARI‘-';{;_I'C-TIPLIFI{I OGARITHMIC AMPLIFIER
o ] C )
1NG TIOMETEN

Fic. 4. Schematic diagram of the atr-borne atteauation meter,
The forward photoelectric telephotometer measures the equi-
librium radiance; the rear telephotometer measures the radiance
of a path of unit length. The latter radiance is numerically equal to
the horizontal path function in the direction of flight. Multiplier
phototubes and Sweet-type logarithmic circuits enable direct
recording of the ratio of tLese radiances, i.e., of the attenuation
length [see Eq. (11)]. Wind-tunnel tests of the aerodynamic
design showed ambient pressure throughout the unit path. Light
trap design, stray-light treatment, and photoelectric sensitivity
are sufficient to cnabR measurement of attenuation lengths up to
200 nsuticai miles when the phototube spectral sensitivity is
rendered photopic by means of absorption filters.

+S. Q. Duntley, U. S. Patent No. 2,661,650.

3S. Q. Duntley, J. Opt. Soc. Am. 39, 630A (1949).
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Fic. 5. Measured profiles of path functiun and atfenuation
length over the Atlantic Ocean oﬂpthe coast of Florida, Marchs10,
1956. Flight 77. Sun position: zenith angle=48°, azimuth =140°
clockwise from true north. Path function: zenith angle $=92°;
azimath =0° from the plane of the sun. Sky condition: cloudless,
blue. Approximately 36 hr after the passage of a major front.
Very light ground haze with top at 4000 ft. The prefile of equi-
librium luminance was computed by means of Eq. (11).

ward telephotometer is directed toward the horizon
and measures the equilibrium radiance of the horizontal
path of sight in the direction of flight of the aircraft.
The rear telephotometer measures the radiance of a
path of unit length; this is numerically equal to the
path function. The attenuation length is the rati. of
the equilibrium radiance to the path function, as shown
by Eq. (11). Recording potentiometers within the air-
craft record the outputs of both telephotometers as
well as thelr ratio.

Despite the use of multiplier phototubes, the low
level of radiance produced by scattering processes in
clear high altitude air precluded the use of narrow-band
interference or absorption filters in the airbornc attenua-
tion meter. Because it was not possible to measure the
spectral radiances cailed for by the equations given in
this paper, each phototube was carefully corrected by
means of specially constructed absorption filters to
measure luminous quantities. For reasons of rigor the
equations in this paper are written with the symbcl ¥,
denoting spectral radiance, but it will be understoed
that these same equations have been used with & re-
placed by B, denoting luminance, in the treatment of
the illustrative data shown in Figs. 5 through 8.

During the flight {for which data is given in this
paper, the aircraft maintained a constant (southerly)
heading and a fixed attitude which heid the attenuation
weter pointed at the desired portion of the horizon sky
while making a controlled, rapid descent from 18 000 ft
to 1090 ft at & rate of approximately 1500 ft per min.
The resulting profiles of path function, equilibrium
luminance, and attenuation length are shown in Fig. 5.

5 This page is reproduced at the
- back of the report by a different
F reproduction method to previde APPENDIX F

better detail.
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It will be noted that the equilibrium luminance (horizon
luminance) was nearly independent of altitude. Re-
peated descents have demonstrated that the major
details of these curves are repeatable.

The transmittance of any inclined path of sight
having terminal altitudes belween 1000 and 18 000_ft
can be calculated from the attenuation profile in Fig. 5
by means of equations corresponding to Eq. (16).

Path Function Profiles

The aircraft is not equipped for the direct measure-
ment of path functionstfor vertical and inclined paths
of sight. Tt is capable, however, of measuring the radi-
ance of the sky in any direction, above or below, during
flight. A photoelectric telephotometer is located in a
trunion mounting on top of the fuselage near the for-
ward end of the attenuation meter, as shown in Fig. 3.
This instrument performs an automatic scan of the
entire sky above the aircraft in approximately 90 sec.
Ancther telephotometer in a fixed vertical mount pro-
vides a continuous record of the radiance of the zenith
during the controlled rapid descent- described in the
preceding section. A corresponding pair of telepho-
tometers is mounted on the bottom of the fuselage.
Figure 6 shows zenith luminance data secured by the
fixed telephotometer during the same descent to which
Fig. S applies. Similar profiles of sky luminance for any
upward path of sight inclined at angles 6, ¢ can be con-
structed from the record of the sky-scanning tele-
photometer, which is designed to be operated con-
tinuously during the des - at.

The profile of the path function for any path of sight
can be calvulated from the sky radiance profile and the
attenuation protile by means of Eq. (10) after re-
arrangement as follows:

Ne(20,0)=AaN{20,¢)/Az secO+N (z,0,0)/L(z). (18)
i8, "
6,000} BLACK ZENITH WHITE Eo‘u|u RIUM ]
| OBJECT SKY  CBJECT ,.Luammcs_
14,000} ! 4
o 12.000F :
W -
[
% 10,000
g 8,000 \
g T \
4000 15,000 |
- FECT |
2,000 v
[, Ok .

% vsss 8

&
LUMINANCE, FOOT-LAMBERTS

Fi6. 6. Measured profile of the luminance of the zenith sky.
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Figure 7 shows the result of such a caiculation for the
vertical path of sight which corresponds with the zenith
luminance profile given in Fig. 6.

Equilibrium Radiance Profiles

An expression for the equilibrium radiance for each
element of any pa:h of sight can be found by combining
Egs. (11) and (18) as follows:

N (z,0,0)=L{2)(AV (20,0)/ Az scc)+ N (z0,0). (19)

Figure 6 shows the result of the use of Eq. (19) for
a calculation of the equilibrium luminance profile for
the upward vertical path of sight; the same profile
appears in Fig. 7

In every case the radiance of the sky V{z0,¢) as
observed from any altitude z is the path radiance gen-
eraied by the portion of the path above the observer.
That 1s, N(2,0,¢)=V.*(z,0,¢), where 0<8<n/2. Be-
vause \(z,0,¢) = 0 outside the atmosphere (except for
light from the stars) and V(z,8,0)>0 within, it follows
from Fq. (19) that the equilibrium radiance exceeds
the apparent radiance of the clear sky and, therefore,
the measured radiance of a clear sky incresses as the
photometer descends.

When clouds are present or when the image trans-
mission direction s upward, the apparent radiance
reaching any particular path segment may exceed the
equilibrium radiance for that segment, so that a de-
crease of apparent radiance is possible. In such cases it
often happens that the apparent radiance of highly
radiant objects decreases while that of objects of small
inherent radiance increases. 1lastrative data for upward-
transmitting aths of sight are planned for presentation
in a subsequ. .t paper.

FL
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Profiles of Apparent Object Luminance

Protiles of the apparent luminance of any specific
object can he calcutated for any path of sight provided
that the inherent luminance of the object in the direc-
tion of interest is known. Two such profiles appear in
Fig. 6; they refer to hypothetical “black” and “white”
objects, respectively, located at a fixed altitude of
18 000 ft and viewed from directly below on the occasion
to which the data in this paper applies. The profiles
were calculated by means of Eq. (1). Alternatively,
they could have been generated step-wise by successive
applications of either Eq. (10) or Eq. (’12) The com-
plexity which characterizes \he attenuation, path func-
tion, and equilibrium luminance profiles is scarcely
noticeable in these vertical profiles of apparent object
luminance. In the case of paths of sight inclined at
large zenith angles, however, the object luminance
profiles exhibit the complexities due to atmospheric
structure much more prominently.

Profiles of Apparent Contrast

Figure 8 shows profiles of apparent object contrast
generated by means of Eq. (3) from the apparent
luminance profiles in Fig. 5. The same profiles could
have been gencrated by use of the Eq. (7).

METEOROLOGICAL CORRELATIONS

The complex profiles of attenuation length and path
function can only be the result of sharply defined layers
of scattering particles. Repeated descents have demon-
strated that the major features of the profiles are repro-
ducible in space and time; the layers must, therefore,
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Fio. 8 Calcalated profiles of the apparent contrast of black and
white chjects at 18 000 ft. Flight 77.
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be horizontal strata of great extent which characterize
the air mass. Such strata must also be cbservable in
terms of nonoptical meieorological phenomena. Initial
attempts to discover correlations with the temperature
and humidity profiles produced routinely by the meteor-
ological services from radiosonde observations met with
failure. This was attributed to the long time constarnt
associated with the humiaity sensing clements carried
by the balloons. It was believed necessary to measure
the humidity profile during the controlled rapid descent
of the B-29 with equipment having a fractional second
time constant in order to record faithfuily the presence
of strata only a few feet in thickness. This was ac-
complished by means of an airborne microwave
refractometer® of the type described by Crain and
Deam.” The microwave refractive index recorded by
this instrument is governed primarily by the water
vapor concentration in the atmosphere; it is related to
, ressure, temperature, and the partial pressu.e of water
vapor by an equation derived by Debye and discussed
by numerous authors in connection with micrewave
propagation.® An expression for the partial pressure of
water vapor obtained from the usua! microwave ap-
proximation of Debye’s equation is:
{microwave refractive moduhm (k( Ivin

€ T e et I

( 481()

_ (mmi press

L] lhe autlmrs are indebted to Mr. Thomas J. Ohst, Director of
Range Development, Patrick Air Force Base, for supgeblmg the
use of the microwave refractometer and for arranging for the
availability of this cquipment for the flight experiment deseribed
in Uns paper.

MU Crain and AP Deam, Rev. Sei Instr. 23, 149 (19533).
°}' K. Srith, Jr, and 8 Weintraub, ). Research Natl. Rur.
Standards 50, 19 (1015,
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of Debye’s equation from the profile of microwave refractive
modulus in Fig. 9. Profiles of path functions 2nd free air tempera-
tute are identical with those in Fig. 9. Correlationr between p.o-
files of dew point temperature and path function are obvious.

In this equation ¢ is in millibars, the Kelvin tempera-
ture is of the stratum, the total pressure is in millibars,
and the microwave refractive modulus of the stratum for
microwaves 1z defined by the expression (n—1) 109,
where 1 is the refractive index of the stratum.

An Air Force C-131 equipped with a microwave
refractometer flew in formation with the B-29 through-
out the descent during which the optical data reported
in this paper was secured. The resulting profiie of
microwave refractive moduius ic shown in Fig. 9. The
profile of horizontal path function from Fig. 5 also
appears in Fig. ¢ for purposes of comparison.

Debye’s equation was used to calculate a humidity
profile fror the microwave data. This profile, expressed
in terms of dew-point temperature, is given in Fig. 10.
The close correlation between humidity and path func-
tion is obvious,

The following speculations on the reasons for the
observed correlation are offered: In ter..is of visible

[

/
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light water vapor exhibits virtually no absorption and
it contributed only molecular scattering, the magnitude
of which is teo small to be responsiblz for the observed
effects. The atmosphere invariably contains, however,
suspended material such as sea-salt lons, silica, am-
monia, or oxides of nitrogen and sulfur which can form
condensetion nuclel for water droplets. A tenuous haze
of these tiny droplets will form in any stratum having a
water vapor content abcve some critical minimum.
Yhese droplets will grow until the vapor pressure just
outsidz the curved surface of the drop equals the partial
pressurc of water vzpor in the surrounding air.? Liquid
droplets ranging from 4X10-7 to more than 10-¢ cm
are known to be present :n the atrnosphere!® In the
case of spherical! water droplets small in diameter com-
pared with a wavelength of light that component of
the scattering coefficient which is due to dreplets
increases as the sixth power of thewr diameter,!! assum-
ing the number of droplets per urit of volume to remain
fixed. In view of this, the observed correlation between
the path function and the humidity within tenuous haze
layers appears to be understandable,
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MEASUREMENTS OF THE TRANSMISSION OF LICGHT

FROM AN UNDERWATER POINT SCUECE

By

S. Q. Duntley

1. INTHODUCTICN AND SULMARY

This report describes underw ter measurements of the transmission
‘{ of ligh from a subrerged uniform point source and campares these

data with the predictions of certain simple equatims. Although

w the data relate only to a single example of natural water they con-
form vith certain general principles, so thet applicability of the

1 resualts to most natural watevr: is probable,

'r (-]
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2. THE EXPERIMENT ~

The experiment was conducted in lake Winnepesaukze, New Hampshirc

{
during JAugust 1959. A photoelectric irradiance photometer was mounted
at on underwater windéw of an anchored, floating barge. & train of
black-painted raftes, each ten feet long, was attached to the barge in
front, of the photometer window, as shown in Figure 1. These rafts

| gerved to support the light source at selected distances from the

ﬁ vhotoreter and to also eliminate specular reflecction at the water sur-

face. The measurements were made on a moonliess night when no ambient

light was detectable by the prhotometer. Photometric photographs were

also made from the underwater window in order to rieasure the apparent

radiance of the sourcc.

2.1 The Light Source

] The source of lignt was a 1000 watt incandescent "diving lamp"

manufactured by the General Elcetric Company. It was oporated ot

———

rated current and voliage through & Sorenson modcel 3000 S5 rcgulator,
Th.: lamp, designed for underwater burning, hed a svherical envelope
3 inches in diametcr., It was spray-painted with W, P. Fullcr No. 7786
gloss white lacquer in order to produce a uniform translucent white 1
covering. After being painted, the lamp was found to producce thc

same rodiznt intensity in all dircctions Lo within + 7 p reent except

toward the base, which was always turned cway from the photonctor,

Urovizion was made for mounting the lamp beneath any sclected raft

BREPENDIX G




Rpt. No, 511 @7 -3 -

by means of a vertical pipe fitted at its lower end with a right- ‘
angle clbow to hold the lamp with its base horizontal, The depth ‘
of the lamp was always 30 inches. This depth corrcsponded with the \

center of the observation window in the harge.,

2.2 The Irradiance Photometor \

The irradiancc photometer consisted (1) of a sheet of translucent

white plastic mounted in the water just ocutside the barge window and

W (2) a seleeted 931-A ultiplicr phototube in a light-tight metal

‘ housing placed just inside the barge window. .n aperture in the hous-
ing adnitted light from the rear surface of the white plastic sheet to
h the phototube, Neutral filters, made from piec..s of uniformly fogged
L photograrhic film; were inscrted as necessary between the photocell
nousing and the window in order to keep the nhotoclectric readings

on scale. The rultiplicr phototube was connectcd to a Sweet-tyve

? 4~cycle logarithmie photometor circuit which had been linearized to
within + 0,02 logarithmic units by means of a2 standard lamp and an
inversc-square-law attenuator. & Brown strip-chart recording poton-
tiometer was used to record the date,  The strip-charts were read
with a specinlly construocted rale embodying the detailed ealibreiticn

[ data for the photomctoer. The reproducibility of the photos tor and

the stebility of its calibration wohs such that the over-zll photomotric

preeision is believed to have been approxdmtely 200 1 pereont exeept

at the lowest lipht lovels whore noloe wir oy procinble,
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2.3 The Color Filter

A Wratten No, 61 gelatin fiiter was fagtened to thoe surface of

the 931-A multiplicr phototube in order to limit the gpectral response

S =

of the photometer to a narrow band in the green portion of the spectrum, :
as shown by Figure 2. This filter was chosen in the belief that §
the water exhibited mininum abscorption at the wavelength interval it é
transmits, A duplicate filter, mounted in B glass, was used with J

“he camera described in the following section, »

2.4 The Camera

A Zeiss Contax III camers fittzd with an F/1.5 Zeies Summar lons
of 5,0 centimeterg focal length was uscd ag a » dinnce photometer to ¢
neasure the apparent radismce of the submerped spherical lamp. Festman
Plus X 35 millimcter film having Enulsion No. 5061-64~164 was uscd.

It was developed for 10.5 minutes in D-76 ot 68° + 0,5°F in a Nikor f
tank with minor agitation and jer at 20 sceond intervals in order to
produce urity gamma as read on the high-resolution projcction densi-
tometer whict vn3 used to evaluntw the negatives. A Vratten No. 61
filter was used on the camera at all times, Sensitometric calibration
was by menns of photesraphy in air of a Z4-step gray scale propared i
from specially formulnted, spectrovhotometrically neutral gray paints.

The gray scnle steps, each 29 x 3%, wore separated by 0,06 reflection Wy

density units as messured by a ohotoclectriec tolerhotom.ter located
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at the camcra position, approximstely 20 fcet from the groy scale.
The gensitometric calibr-tion axpogures were made before and after
the experiment; all of the photographic data given in this report wore

from a single roll of filie, The effect of chubter speed on the

shape of the characteristic curve of tne filir wes inveatigated indepen-~

h dently and found ¢ oo neglipible,

2.41 Shutter Caliberation

The exposure times in the experiment described in this report J
1 varied from 1.7% williseconds to 180,000 milliseconds. The longer

intervals were timod with a stop watch but the shorter woere produced
by the camera shubiayr mwchanism., In preparation for thas experiment,
the camers was sent vo the Zelss scrvice station in New York for g
b v shutter lubrication and overhauwl, The performance of the shuttor was
then studied hy means of 2 hignh precision oscillographic technique. ‘

Tt wag found to ke reproducible to within + 2 percent ai the center

=

o the ficld with mean waluus of 1.75, 3.0, 6.0, 12,0, 30, 52, 112,

175, 420, ana 4000 millisecconds respectively at the LU differ.nt
{ shutter spezd gettings.
1 |
w,vi
p
Y
‘ b
h
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2.5 Minimizetion of Reflection Fffeocts !u
) s
in optically boundless, homogencous hody of water with no
reflecting surfaces to affect the light-fiuld produced by the submerged %

lamp is required for the experiment described by this rceport. This

condition wag approximated 23 closely as practical limitation per-

)
mitted, The available barge had ity obscryation window 2.5 feet
beneath ilhe water gurface and only horizontal or nerr-horizontal view~
d
ing wasg possible, The lamp, therefore, was held at a depth of 2.5 &
¢ feet, Reflection effects wore minimdzed and, it is believed, adequetely
i : eliminsted (1) by providing a "roof" of flouting rafts to eliminate g
the air-water boundary and (2) by painting the undsr surfaces o. these
raflts and the aide of the burge with matte black paint haviag a
" snbmerged reflcctance of approximabely 1.5 pereent, a value chosen to 1
}

match the measured reflectence function of the water, The wisual

impression palined by looking outb t hrough: the tavge window was of 2

nighly wniform and symnetric light field with no evidence of cpecsular

glints or other wnwanted reflected light,
{
2.0 Bxperimental Procedurc
\ Photoelectric irradiance dathr vero obinined with the lsup st L
10, 4, 7840, 106", and ot (approximtely) 10 foot intorvals out
j o 168', Photograrhs of the lamp were made at o distance of 10,5 fect o
and o2t ten foot intorwals out to £0.5 {ueb, beyord whi 1 photography
wag not practicanle,
o
N
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2.7 Apparent Radiance of the Lamp

Data on the apparent radiance of the lamp at various distancues
are shown in Figure 3. These date were obtained by phovegraphis
photometry. In most cuses two or three ¢xposwre times diffoering by
5 or 10 fold were used at each lamp distance and the resulting points
are plotted in the figure. 4 small numeral 2 beside a point indicitis
that identical values of apperent radiance were obtained from nejga-
tives rade with two different exposure times. It is intersting to
note that cwposurs time ranecd from 1,75 milliseconds at 10,5 feet
to 180,000 millisecunds L 80,5 feet, Extromely calm water conditions
were recuired in order to obtain meaningful photogravhs ~t the longer

exposurds,

Figuare 3 is semi-logarithmic. The clese fit of the data to »
straipght linc on this plot supports the hypothesis thot Lhe apparent

radiace cf the lamp is attenuated exponuntially, as in the equation

g — -ar
N, = Ne ()

we

where N is the apparent redisnce at distonce r, Nc is tho
iphavrent radiance of the lamp surface, and a 18 the attenuation
coefficient for apperint radiance, In Figure 3 a straipgont line

representing  a = 0,200 natural log-units per foot is drawn ncar

the data points,
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2.71 Comperison with Hydrophotometer Data

§ Just prior to the photometric experiments, which lasted through-

out the night, n hydrophotometer was uscd to measure the attenuation

coefficient for a highly collimated beam of light. The measurcd

value of thia attenuation coefficient was 0.212 natural log-units

s

per foot. The lower dashed line in Figure 3 depicts this rate of

attenuation,

The hydrophotometer was used again 2ftur the photometric experi-

merits had been completed and an attenuation coefficient of 0,195

natural log-units per foot was messurcd, This value is represented

by the upper dashed line in Fipure 3. The small decrcase in attenuation

coefficiont riay represent an instrumentol variability or it may

signify that the standing crop of marine orgenisms diminished slightly

as the water temperature fell during the night.

It is interesting to note that virtually 211 of the apparent

radiance values fall between the dashed lines, This strongly supports

the hypotheses that the contribution of rwltiply scatt:red light to
the acparent radi~nce of the lamp is negligible and that the mono-path

. o . .
(i.e., non-scattercd) component H  of irradiance produced by the
r

submergoed lamp is given by the relation
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where tha irradiance H? is on a plane perpendicular to dircetion
of the flux at distance r fron the lamp, J  is tho radiant intensgity
of the lamp in the direction of tho obsarvation, »nd a 18 the

attenuation cosfficient for collimnted light as measured bty a hydro-

photometer,

The camponcnt Hi of irradiance due to multi-path transmission

(i.e., multinly scattered light) can readily bu deduced from the

irradiance m.asurements described in the following scetion since the

total irradicnce Hr rnust be the sum of the mono-path and multi-path

components; that is,

i
H, = H_+ H . (3)

2.8 Irradiance Produccd by the Lamp

The irradiance produced by the underwater lamp at various dis-
tances was measured by means of the photoelectric irradiance photo-
meter desceribed in section 2.2 of this report. The data arc
plotted as crosscs (+) in Fipure 4. 4 snooth curve wes fitted to
thesc voints by a least-squares prucedurc and xppears a3 the solid
} line in Figures 4 and %, The primary goal of the rescarch deseribed
by this rerort wns to cvolve a simple equaticn capable of diseribing
this curve in terms of measurable inhcerent or apperent optical proper-

ties of the watcr. Progress toward thnt goal is described in the

following section,
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3.1 Rigorous Methods

A rigorous treatment of the submorgoed point source is an imposing
theoretical problem in the domain of radiative transfer. Such a
treatment has been set forth by Preisendorfer using his discrete-
spacea method.l The resulting solution is iterctive in charecter and

epplication of it to practical problems requires the use of a large

e¢lectronic computer. .. program for the IBM 7090 at Wright-Pattcrson
1 Air Force Basc ius soon to be prepared by the Air Force on the basis
of Preisendorfer's theory, but even after this advanced technique is
aveilable, a simple, approximate, thecretical or empirical equation

in closed form will be of use,

3.2 The Diffusion Theory approximation

Thecreticians concermed with neutron transport ~nd related
phenonmena have used diffusion theory to derive relations which are
‘ adaptable to multipath (2.2., multiply scattered) transmission by
water, Most of these derivations ~ssume isotropic scattering, a
4 very improper assumpticn with respect to most nntural aters, whercin i
the volume scattering function may ringe over more than 1000 to 1,
The diffusion theory relation for irradinnce hos been found, however,

‘ﬂ to fit the mecasurcd data eclesely at large distances from the gsource aund, ‘ﬂ

1 Preicendorfer, H, W,, "Two Fundmmental Methods of Sclving Point-Source
Problems in Discrete-Space hadiative Transfer Theory," SIO Ref. No,
59~71, December 1959,

-
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as will be shovm later in this section, empirical modificatisas can
[}

be devised which extend the usefulness of this mathematical model

to all =source distances,

3.2.1 Derivation

* The diffusion thecry derivation for the flux produced by
multiple icotropic scattering from a distant uniform point source

"3 appears in various bYooks, For example, esoquation (5.49.1) on page

107 of Glastone and Edlund's, "Elements of Nuclear Reactor Theory,!
(New York, von Nostrand's Press, 1952) is ¢ = e“Kr/Aﬂgr.

Following suggestions by Freisendocefer, this relction can be expressed
in the notation of hydrolegic opti032 as follows:

b h{r,+) + h(r,~) = D(x,+)H(xr,+) + D(r,-)H(r,-) = J oK(r,+)r _
L&Wa/KQ(r:+) :

2
where K (r,+) = Dir,+)a/Dir,+)a + 2b/

but H(r,~) and t caa be neglzcted since in most natural waters L

A(r,-) ¥ 0,02 H(r,+) and b & 0,02 a, Thus,

Blr,+) = J o~Kar,r Kir,+) (L)
L

If, at large r, K(r,+) is approximatcly lndependent of 1,

- n

-4 " Ireisenderfer, R. W, and Trler, J. K., "The Mcaguroment of Light
i Natwal 'Jaters, Lhadiometric Concepts ang Optical Propertiles,” 4
510 Hef, No  58-A9, 17 November 1952,
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then the diffusion theory approximatioan for the irradiance produced

by a distant uniform point may be wrlitten

¥* -1 <Kr
H, = JK (hrr) e R (5)

where the attenuation coefficient K is for some configuration of

diffused light,

3.2,2 Comparison with Expufiment

In view of the algsbpraic lform of cquation (5), the smoothed
irradiance data which form vhe basis of the curve in Figure 4 were
multiplied by r and replotted, it the longer distances this
somi-logarithinic plot was an excellent streipght line with a slope
of 0.0570 natural lcg-units ver feot. This valuw of K was also

calenlated algebraically from the relation:

¢

L e o
*

Hy Ty

which results fra: writing equation (%) succesasively for two

distances, % »nd 2, dividing on¢ of these equations by tihe other,

Equations (2) and (5) werc conbined with cquation (3) as follows:

H = Je™* 4+ g Koo (7)

r r2 L
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The constants a = 0,20 per foot and X = 0,057 per foot were
inserted and J was arbitrarilly assigned t» make the calculated
value of Hr agree with the photoelectric data at long range. Values
of Hr at various distances were then computed and arc plotted as
s01lid dots in Figure 5. The s0lid curve in Figure 5 is identical

with thet in Figure 4 and represents the smoothed irradiance datc,

The agreement or the sclid dcts with the data curve in Figure 5
is most encouraging, although th:y predict less irradiance than was

measurcd at intermediate distances,
3,2.3 Comparison of ¥ with other Attenuation Coefficients

Thirty-six hours after the irradience and apparent scurce
radiance data were obtasin:d cnlm, overcast, daylight conditions
permitted threec apparent op' ici . propertics of the water k, K(+),
and K(~) to be measured by aeans of appropriate submersible photo-
electric irradiance photometers equipped with Wratten No, 61 gelatin

filters, .t that time the hydrophotomoter indicated an attenuation

coefficient o = 0,17 natural log-un ts per fout, The measured
values of the three diffuse attonuation coofficiunts for cvercnot

daylicht at o deptt of 2,5 Toot were ko= 0,063 natural log-units
por foot, K(+) = 0.)512 natural lop-units per toot, and (=) = 0,0698

nitural log-units wer foct, regpectively.
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The measured attenuaticn coefficient for multivath tronemission
from the submerged point source wns reporvted in the preceding section
as K = 0,0570 natural log-units per foot. This value appears vo lie
vetween k  and K(+), probably somewhat closcr to k. Lnater experi-
ments in othsr natural waters sheould explore this observation
carefully. The finding that K and k  ~re probably interchangeable
for nractical purpnses is an important result of the experimental

study described in this report,

3.3 Empirical Corrccticns

3.,3,L Constant Factors

Trials quickly demoastroted that no cengtant factor applied
to the second ternm of equatien (7) will cause it to fit the data.
For example, the crosses (+; in I"igure 5 show how the fit is affected

by chanting the factor 4 to 2 in the denominetor of the sccond term

of equation (7).,
3.3.,2 Anpge Dependent Cerrcections

A more fruitful approach was surgested by equation (4), wherein
K(r,+)} is dependent upen the lam, distince r,  Inusmuch as
¥(r,+) = a D(r,+) it b is negligible, o conge of K{r,+) with r
should result *rom ohe rradual alterctim of the direticial distribu-

tin «f radiance in the water as th. scurse s approcched.
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In the absence of a theorotical model for the range-dependance
of the distribution functim D(r,+), several ompirical alpgsbraic
forme were tried. The nost promising of thesc is repruscnted by

the eguation

. K . Ity \"KI‘V)
U o+ J & ¢ J u§}+vemﬂr) Ke w(lreo r

&)
r - " (
E e Ly

J where u, v, w, and 2 ara arbitrary constonts,

Numericel trinls soen showed that the dota cculd wot he Pitted 1
y if uv=w nd v= 2z, i,¢,, the attenuetior frcter within the

exponent must differ from that without, This obscrvation indicates

that the aimple cuncept of a single-valued, range-dependmt attenuation

function «r distribution functi~on is an over-simplification of the 3
b

physical situation. This is not surprising in view of the complexity
f of Prcisendorfer's rigorous theorv.

Sincc different fornms of attoenustion Dunction mvst be used

i within and without the cxponentind, it is boelicved thoat convenionce
‘ 1
1 will be scrved by roducing the exponont Lo Ke, i.2., by letting

w=1znsnd 2 = Q. It ig then nessiole to soleet volues of v and v |
4 to rroduce o bost fit to the ovperinentol dote, Such coleul-tions }

arce lengthy, nnd it cannct be stated with coertalnty that the beot
valucs of thean constents wiag fonnd, 9 best, it cbtudned s
shewn by the open circles in Piowee 4, Vor Lthose ponts, u = 2,5 and

v =17, |

.
h
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The Hnal empiriecal. expression for the anderwater irredichee
H  producca by a uniform submerped point source at a distance
r is

H = J ™ 4 g 2.5(1 +__Ze:‘KD Kth“Kr

3ok Applicability to Other Natural Waters

Equation (9), with its congtants u = 2,5 wd v = 7, dsscribes

_1 distn baken in only one natural water. Tts ~pplicability to other !

waters is unknown., Insomuch, however, as the first term is exact

and the sceond tovr is founded upon 2n established mathcomatical model,

[ thers 1a b Jewt foundetion for the expechation thit the general H
o

i Form of the exprossion will scrve 2s o ueceful apprexdmation relat’.on 1
1 for most noturnd wotors nnd the hope thrt the constants uw 2nd v

will be insconsitive to the shape of ¢he volume scattering function,

an importint next step is, obvieuslv, to tost cquatisns (7)

and (9) by aeans of irredicnce data collccted in other types of

natural waters,

APPENDIX G




Univeraity of Calilornia » Seripps Institution of Ogeanography «Visibility Laboravors

Bareau of Ships Projoct & FOOL 08 O
Contract NQObs~72092 Vovamber 1960

SX0 REFERENCE S0-57
MEASUREMENTS OF THE TRANSMIGSION OF LYICHT FRUM
AN UNDERWATER SOURCE HAVING VARIARLE BRAM-SFWEAL

5. Q Duntley
1. INTRODUCTION AND SUMMARY

Measurements of ths transmission of monochromatic lignt from &
#
submerged unifcrm point source have been reported, The spectral
irr-ediance H, at eny dlstance r Cron the source was found to

be represented by the semi-empirical equation

Foos g e L u(l o+ ve“Kr) o KX (1)
Lnr

where J 18 the spectral radiant intensity, a is the attenustlon
coefficient for non-scatvered light (monopath transmiseion), K

is the attenuation ccefficien. for scatterad light (~wltipath
transmission) and the empirical constents u and v heve the values

u=2.5and v = 7 for the deta frow which the equation was evolved.

The present report describes underveter mecsursments ol the
transmission of light from a sabmerged source of variable beam-spread.
0 .
Angular beaw-widths down to 20 were used. It was frund that the

irradiance due to souices producing uniform circular light beaus of

* Duntley, S. ¢., "Measurements of the Transmission of Light from an
Underwater Point Source' Weport Ne. S5-11, Bursau of Thaps, Contract
NObs~72038, Gctoher L1860,
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total plans angular width 5 220° can be represented by aguation

(1) 1f the euwpiricel corastants ug and Vo are, respectively, 1

3 v .
Ng o, - 3 log =5 (2)

PR S

and
/2
v = v gﬂ\} /
e 2 o/ s (3)

i

£
' where u,. = .5 and - 7 for the data from which these A
2T V.ine

equations were evolved.

k Ar. important implication of the foregoing equations is that, 4
from the standpeint of efficiency, underweier lighting systems
should smploy narrow-beam gources to the maximua extent practicable,

even at runges so great that th2 monopath transmission is negligible. ]

The Yollowing sections of this report describe the experiments
\ and presont the data from which equations (2) and (3) end the

foragoing conclusions nave been evoived.
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2. DESCRIFTION OF THE EXPERIMENT
2.1 Introduction

The irradiance data discussed in this report were obtained
at the Visibility Laboratory's Diamond Island Field Station in Lake
Winnipesaukee, New Hampshire where a unique combination of favorable
experimental conditions permitted the work to be performed with simple
apparatus and at low cost. A photoelectric radiance photometer was
mounted at an underwater window of an anchored, floating barge which
wes specially constructed at the field station in 1948 for use in
undervater research. A train of nine black-painted wooden rafts,
each ten feet long, was attached to the barge in front of the plictometer
window, as shown in Figure 1. Thess rafts served to support the light
source at selected distances from the photometer and also to eliminated
specular reflection at the water surface. The measurements were made

on & moonless night when no ambient light wss detectable by the

photometer,

2.2 The Underwater Light Source

A variable beam-spread light source was constructed by enclosing
a 1000 watt incandescent "diving lamp" manufactured “y the General
Electric Company by & rectangular box as shown in Figure 2. The
lamp, designed for underweter burning, head e spherical envelope
three inches in diamster. It we : sprayed with W. P. Fuller No. 7786

gloas wvhite lacquer in order to produce & uniform translucent white
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covering. After being painted, the lamp was found to produce the same
radiant intensity in all directions to within t o7 percent except
toward the base, which was always away from the opening in the

box {see Figure 2). The lamp was attached by its base to a length

of hollow pipe through whirh the electric leads passed. The peeition
of the lamp within the box could be adjusted by sliding the pipe
through the supporting gland at the reer of the device, and the
beam-spread produced by the system could thus be varied at will., The
upper portion of Tigure 2 indicates the lamp positions corresponding
with various commonly used beam spresds. The indicated nominal values
of the beam spread @ ars as measured from the center of the lamp.
This geometry is illustrated by the lower portion of Figure 2, which
shows that the source produced extreme rays with a spread of 2.80

viien the nominal beam spread 8 was 2000

Provision wss wade for mounting the lamp beneath any raft, i.e.,
at virtually any desired distance from the photometer window. The
depth of the lamp was 30 inches; this depth corresponded with that

of the center of the window in the barge,

The lamp was operated at rated current and veitage through a
Sorenson 30005 regulator. Careful checks made wi:h the irradiance
photometer showed that the luminous output of the source was free

from detectabie warm-up effects, long-term, or chort. term fluctuations.
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2.2.1 Minimization of Reflection Effects

An optically boundless, homogeneous body of water with no
reflecting surfaces to affect the light-field produced by the
submerged lamp is required for the experiment described by this
report. This condition was approximated as closely as practical
limitations permitted. The available barge had its observation
window 2.5 feet beneath the water surface and only horizontal or
near-horizontal viewing was possible. The lamp, therefore, was held
at a depth of 2.5 feet. Reflection effects were minimized and; it is
believed, adequately eliminated (1) by providing a "roof" of floating
rafts to eliminate the air-water boundary and (2) by painting the under
surface: of these rafts and the side of the barge with matte biack
paint having a submerged reflectance of spproximately 1.5 percent,

a value chosen to match the measured reflectance function of the water.
The visual impre:sicn gained by looking out through the barge window
was of a highly uniform and symmetric light f£ielid with no evidence

of specular glints or other unwanted reflected light.
2.3 The Irradiance Photometer

The irradiance photomet r consisted (1) of a sheet of trans-
Iucent white plastic mounted in the water just outside the barge
window and (2) a relected 931-4 nmuitiplier pnototube In a light-

ight metal housing placed juat inaide the barge window. An aperture

in he housing admitted light from the rear surface of the wvhite
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piastic sheet tec the phototube. Neutral filters, made from pieces
of unifournmly fogged photographic film, were inserted as necessary
between ths photocell housiug and the window in order to keep the
photoelectric readings on scale. The multiplier photctube wvas
connected to a Swaet-type 4-cycle logarithmic photometer circuit
which had been linearized to within = 0.02 logarithmic units

by means of e standerd lamp and an inverse-square-law attenuator,

A Brown strip=-chart recording potentiomneter was used t¢ record the
data. The strip-charts vere read with a specially constructed rule

embodying the detailed calibration data for the photometer. The

reproducibility of the photometer and tiae stability of its calibraticn

wag such that the over-all photometric precision is believed to have
been approximately %t 1 percent except at the lowest light levels

where noise was appreciable,
2.4 The Color Filter

A Wratten No. 61 pelatin filter was fastened to the surface of
the 831«A multiplier phototube in order to limit the spectral
vecponse of the photometer to & narrow band in the green portion
of the spectrum, as shown in Figure 3. This {ilter was chosen in
the belief that the water exhibited winimum absorption at the

wavelength interval it transmits.
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.5 The Data

Photoelectric irradiance data were obtained with the source
at 13', 23', 33!, 43!, §3', 63', and 73' from the photometer. At
each of these distences the source was operated with beam spreads
of 20°, 50°, 45°, 60°, 75°, 90°, 180°, and 360°. Uuavoidable delays
due to mechanical problems of several kinds, wind, rain squalls, and
moonlight combined to prevent a complete run of this experimsn! from
being made on any one of the few nights aveilable for the work.
Minor changes in the optical nature of the water occurred from night
to night due, it is believed, to changes in the stending crop of
organisms in the water caused primarilly by variations in water
temperature. The optical properties of the water were monitored by
means of a hydrophoiometer and a nephelcmeter and first order correc-
t'~ns were applied to the data with the in%tent of nullifying the amall
night-toc-uight changes. The resulting smoothed data are represerted
by the curves of irradiance H, vs source distance r shown in
Figure 4. Data points have been shown on the 36C° curve in order to
identify the scurce distances at which all of the data were tsken.
The 360° curve is the only one for which all pcints were obtainad on

a i'ngle nighty it is, therefore, rsgarded es the most accurate of the

data.
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2.5.1 Efficiency

It is evident from Figure 4 that an in-rease in beam-spread
from 20° to 560o produces only a minor increase in irradiance,
particularly at small source distances. Even at 72 feet the
increase in irradiance is only §~-fold. Since the radiant power
(i.e., the totallight) entering the water from the light source is
linearly prouportional to the snlid angle of the beam, the 5-foid
increase in irrediance at 73 feet results from a 132-fold increase
in power ocutput from the source. It is obvious, therefore, that
increasing the beam-spread of the light source is a poor way to increase
the irradiance on an underwater object. From the standpoint of
efficiency, underwater lighting systems should employ narrow-beam
sources to the maximum extent practicable, even at ranges su great
that multipath (glow) transmission accounts for virtually all of the
irradiance. A more quantitative discussion of this conclusion is

given in Section 3.3 of this report.
2.5.2 Trends of the Daua

The details of the curves showr in Figure 4 are better displayed
by the cross-plot shown in Figure 5, which depicts the irradiance
Hr al various source distances as a function of the beam-spread 8.
The circled points in this figure relate to the subject matter of

Section 3.2 of this report and are of no relevance to the present

discussion. The curves represent tha same data shown in Figure 4.
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It will be noted that there is a progressive change in curve
shape such that the irradiance is more dependent upon beam
spread at the longer distances. This progression is illustrated
by Figure 6, wherein all of the curves in Figure 5 have been

o
superimposed in such a way that they coincide at beam-spread 360 .,

A primary goal of the research described by this report is the
evolution of a useable empirical squation capable of specifying the
irradiance produced by a distant underwater light source of
regstricted beem~spread in terms of measurable inherent or apparent
optical properties of the water. Progress toward that goal is

described in the following ssction.
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5. Empirical Relatlons
3.1 Introduction

A rigorous treatment of the subwerged point source has been
given by Freisendorfer using his discrete-space method.l The resulting
solution to this imposing problem in radiative transfer theory is
iterative in character and application of it to any practical problem
is a major task even for the largest electrcnic computers. A program
for the IBM 7090 computer at Wright-Patterson Air Force Base is soon
to be prepared by an Air Force contractor, but even after this
advanced technique is available to predict the underwater radiance
and irradiance distributions produced by any arbitrary underwater
light source, & simnle approximate empirical irradiance equation in
closed form will be of use.

Sucl. & relation for the special case of an unrestricted,
uniform point. source (@ = 360°) has been reported.2 The spectral

irrediance Hr at any distance r from the source was found to

be represented by the semi-empirical equation

Ho o= g e L+ 4 _ull+ ve“Kr) Ke“Kr‘__” (1)
re Lty

o8]

[

! Freisendorfer, R. W., "Two Fundamental Methcds of Solving Point-3Source
Problems in Discrete-aspace Radietive Trunsfer Theory," S5I0 Ref., No. 59-71,
Decenbor 1959,

I

" Duacley, §. Q., "Measurements of the Transmission of Light irem an
Underwetar Folnt Source,”  Ooatract HQbs-72039, Repory MNo. H-101,

Oetobar 1900,
APPERNDIX H

i i ifL




SI0 Ref. 60-57 H, -1L -

The data described in Section & of this report provide the basis
for an empiricael extention of equation (1) to include the effect cf

regtricted beam-spread 0.
3.2 Effect of Beam Spread

The constants u and v 1in equation {1) were modified Ly
a trial-and-error process until the equation fitted the data
portrayed by Flgures 4 and 5 of this report. At the conclusicn of
this lengthy task it was found that the required values of u and
v varied in a systematic way with the beam-spread 6. This is
illustrated by figures 7 and 8, the plotted points on which renresent
valuss of Ug and Vg respectively required to make equation (1)

represent the irradiance data., In each case a straight line

representing & simple function of €@ has been drawn through the points.

These functions are:

B e T

u = 2 1 2

8 ~ 2 T 2 %610 o (2)

wnd
. 1,72

) . 20 s e b ~

V(—) = VZfT‘{ (I__.’.. ) smeetl »/Hl‘} s (})
\. &
] in these equithions ”; = Udh oand v = '/ tor figures 7

and 8],
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It 4s obvious from the form of equation (2) tbat nemative values
of ug are prssible when the beam-sp. «d is smalli., Actually, these

occur at @ < £ degre:s (approximately) snd produce vnrealistic

impiications. Wouvations (2) and (3) should not be trusted outside

of tay renge of the data upon which they are tased. Experiments with

sourcr 3 having smaller “eam-spreads should provide the basis for

bette. smpiricsl “unetiosns than equations (2) and (3). Even the

|

~+

ﬁ prese.n deta may sugge: b better tunctions or bstter-chosen constants ﬁ
| for the precent fumcticas., It can only be sald that equations (2) l
{

f ar i {(3) are the best that have ben: evolved thus far. It is believed
thet thoy enable the irradiance producsd Ly sources having beam
N O ; v otz
spreads »f Y0 or more to be cualeculated with sufficient accurecy
i for mos . practical purposes. The cireler in Figure 5 repressnt the ]
prec ic wo of equation (1) vhen combined with equations (2) and
Sy tb illustrate that agreement is bet at large distan:es
; .
from ih~ source. i

3.3 Efficiency

me neasure of o peawetrical efficiency of an underws tor ‘
1 Light couree Is L o lo of the monochrosatic irradiance UF produce |
: Lorarce-distanes 0 to the total monechremeitie power Fovadiated
vy soyrea,  this do oa funetion of v ann & L In tho upecinld
v ¢oase wouniforn conleal besn of sproc. w0 produced by e soapree 4
rocce oo dn thils report, the o {ficierns; rot i ErfP can
) %
i .
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expressed by means of equations (1), (2), and (3) by the relation

1/2
e . (2,5 - % log %ﬂ 31 + 7(%2) e-Kr)KeQKr
H, 2 Lo
¥ 2m{1 - cos 6/2)
(i)
where a = 0.200 natural log-units per foot and K = 0.0570 natural }
log-units per foot for the water in which the data depicted by R

Figures 4 and 5 were obtained, ;

Figure 9, & plot of equation (4), shows the geometrical efficiency
ratio Hr/P &3 a function of beam apread @ for {our values of
source-distence r, corresponding to 1, 2, 4, and 8 attenuation
s lengths or mean-free-photon-paths, 1/a . This plot demonstrates
guantitatively that, from the standpoirt of efficiency, underwater
lighting systems should employ narrow-)aeam sources whenever practicable,
even at ranges so great that the monopath transmission is negligible
and the wultipath (glow) transmission contributes virtu. 1y all of

the irradiance.
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3.4 Applicability to Other Natural Waters

Equations (1) through (4) with the constants given in this
report deseribe date obtained in only one natural water, Their
applicability to other waters is unknown, Inasmuch, ihowever, as
the first term of equation (1) is oxact and the second term is
founded upon a well established diffusion theory model, there is a
basis for the expectation that the general form of the expressions
will serve as a useful approximation relation for most natural
waters and the hope that the constants other than o and X

will be insentive to water type.

Important next steps are, obviously, to test equations (1)

through (4) by means of irradiance deta collected in other types

of natural waters and to include sources having smuller veam-spreads.



