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I. Introduction

A. The Problem and Its Importance

As knowledge of man's physical environment is improved, the relative lack
of information about tge seas around us becomes ever more important. We
actually know far more about the moon's surface than we do about the waters
beneath the surface of the acean.

The knowledge, however, of the condition of the water around us is con-
tinually shown to be vital. Recreation, fisheries, transport, fresh water
utilization; all these are threatened by various forms of pollution of the
waters, as depicted in Fig. [.1. To cope with this situation, accurate
measurements of various water parameters must be provided. Although gross
indications of major ocean currents and water masses are known, there has
been until very recently virtually no continuous source of information about
aven such elementary gquantities as sound velocity, temperature, salinity and
turbidity. Without a knowledge of these basic building blocks of any theary,
we shall find it difficult to proceed in our conquest of the water surface of the
earth, which comprises more than three fourths of its surface. Very recently,
it has become possible through the methods of remote sensing to obtain some
of the needed data. By measuring the infrared emission from the water, the
surface temperature may be continuously determined. The water surface radiates
infrared energy very nearly like a black body (a perfect absorber). The inten-
sity of this radiation at a wavelength of 10 micrometers can be related to the
sea surface temperature. However, infrared emission of this wavelength can only
be used for temperature measurements of the upper few hundredths of 2 millimeter
of the water, since water is extremely opaque to radiation of this freguency.

Often, the temperature of this upper skin is not really representative of
the body temperature of a body of water. This is because the processes 5y whicn

water loses its neat occur in the upper tenth of a millimeter or less i{mmediately
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below the surface. These processes include radiation, evaporation and con-
duction. The result is that, unless there is violent mixing induced by a
strong wind, the upper skin of the sea may be a degree centigrade or even
more cooler than the water just below.! It is this lcwer temperature that
is measured by ordinary infrarea remote sensing, so that a true picture is
not obtained.
In addition many problems in oceanography require data not only from

the surface but from deeper layers in the ocean. Typical of these prob-
lems is the question of survival of life in the neighborhood of a fossil

or nuclear power plant cooling canal outfall. Here, for example, if the
deeper waters remain tolerably cool, the damage is minimized, while if the
water becomes too hot all the way to the bottom the result is catastrophic
Another important piece of data is the existence of a region of rapid change
in temperature beneath the surface. Such layers are common in the sea and
cause problems in acoustic transmission, since they bend or reflect sound
waves; their detection is often important, especially in military applications.

As present, the only way to measure the subsurfaca temperature at depth

is to introduce thermometers directly into the water to the desired levels.
Such methods are expensive, time-consuming, or do not provide the continuous
picture that remote sensing could provide of the surface. t would be very
valuable, therefore, to be able to provide remote sensing of the ocean
parameters at various depths. The methods described here will provide con-
tinuous information on temperature, salinity, sound velocity and backscatter
turbidity without directly introducing devices into the ocean. Ultimately
remote sensing may be carried out from an aircraft. Initially, however, the
measurements will be made from a platform such as a dock or a ship on the

water surface. OQOther important oceanographic parameters to be measured




include salinity, turbidity and the velocity of sound. These parameters are
depicted in Fig. [.2, with representative curves for the principal subjects of
this report, temperature, turbidity, and salinity. Note that each parameter is
determined as a function of the depth,h. In addition, information on total
depth and the sea surface may be obtained.

These quantities are measured at present by relatively slow and tedious
methods. The classical procedure involves the use of Nansen bottles, as shown
schematically in Fig. [.3. A cable is lowered with a h¥gh capacity winch,
and the Nansen bottles are attached by a technician standing on a grating sus-
pended over the sea. Each bottle is equipped with a thermometer, a pressure-
sensing device, and stoppers. When all the bottles are in position, a messenger
weight is dropped down the wire. The weight strikes a trigger on the first (top)
bottle which closes the bottle, activates the pressure sensor and the thermometer,
and releases a second messenger weight which falls to the next bottle, and the
process repeats until all the bottles are closed. The string of bottles is then
raised by the winch and each bottle removed as it passes the grating. The tem-
perature and pressure sensors are read and the bottle is emptied into a flask
which is stored until analysis in the laboratory (for turbidity and salinity,
for example) can be performed. This is a time-consuming process. For the
measurement depicted (sampies each 5 meters for a depth of 40 meters), approx-
imately one hour would be required for the station. The ship must, of course,
be held as moticnless as possible during the operation.

A more modern and rapid method of obtaining the oceanographic data is by
the use of temperature, pressure, salinity and turbidity sensors which measure
these qualities 2lectrically, transmitting the information to the surface
continually via a suspension cable, which carries insulated electric wires in
its core, see Fig. I.4. This method is far more raoid than the llansen bottles

for the same deoth as before, perhaps only 15 minutes is necessary for each
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station, not counting the time to stop the ship. The measurements, however,
are not simultaneous, since the sensors must be mechanically raised or lowered
between each depth. Again, however, the ship must be held strictly stationary
during each series of measurements. The process of zlowing and stopping a
ship is very time-consuming, in many cases taking almost as much time as the

actual making of observations.

B. Advantages of Qur Proposed System.

Our method, first described in detail at the Symposium: "Remote Sensing
Applied to Energy-Related Problems", Miami, Florida, Oecember 1974 and
reproduced in the Proceedings, is far more rapid. It utilizes a laser Deam
to probe the sea, and the measurement is essentially carried out at the
velocity of 1ight in water, 0.75 c. As is shown in Figure [.5, in this
method a laser beam is projected downward into the water. Returr. 1ight is
received, and the information contained is computer-processed to obtain the
speed of sound, temperature, turbidity, and salinity, 411 as a function of
dapth. The ship need not stop at all, even during measurements. This makes
the new method very much faster than any previously used procedure. In five
minutes, for example, a ship steaming at a steady speed of 7 knots can make
150 measurements (one each 2 saconds), with a separation of about 7 meters
between each observation. Such a series withthe sensors would require at least
15 minutes per sounding, assuming 10 meter depth, or about 35 hours, and with
bottles considerably more!

In addition, the proposed method, as we will show, can be adapted to making
airborne measurements. In this case the saving in time is further extended
so that rapid simultaneous surveys will be possible, which at present are far
beyond the range of practicability.

As an example of the kind of problem that could be studied with

a system of this kind would be the three-dimensicnal bahavior of an estuary

under conditions of tidal flow. Tides change each six hours in typical U.S.
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East Coast estuaries, and maximum currents and slack conditions often last for
a very short time3 (a few minutes in many cases). A three-dimensional grid
of aircraft observations of temperature salinity and turbidity can then be
compared to three-dimensional theoretical models such as that developed in
NASA Project NAS10-8740, "The Application of Remote Sensing to Detecting
Thermal Pollution”, University of Miami, Coral Gables, Florida, 1574 to date.
In this way our knowledge of ocearographic parameters in a given dynamic
situation will be increased many-fold. It would, therefore, seem that a quan-
tum jump in understanding of the dynamics of the sea could result from the
application ofAthis method.

C. Summary of Feasibility Study.

Any proposed method, no matter how attractive in theory, must be studied
in detail before too much time and money is lavished upon it in order to see
if it is feasible at all. Accordingly a Feasibility Study was made by our
Laboratory, which was reported in the NASA CR-139184 document? dated January
1975 mentioned above.

This study examined whether there was enough intensity in the returned
scattering from the sea to make measurements of the parameters, turbidity,
salinity, and temperature. Using information theory, this data was then
expressed in terms of accuracy obtainable in a given time of observation.

To obtain information from layers beneath the surface, it is necessary
to use radiation for which the sea is transparent. The band of electromagnetic
radiation which penetrates uest into seawater lies between 0.48 and 0.55

micrometers, or between 4800 and 5500 Angstroms*. It is, therefore, proposed

*One Angstrom equals 1010 meter.
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to project a beam of light this wavelength into the sea and to use it
to probe the deeper layers for information on oceanographic parameters, par-
ticularly temperature, salinity and turbidity. Either of two methods can
be used. A light source constant in time can be projected downward while
a collimated detector system some distance away is used to vary the position
in depth of the scattering received. This is the bistatic system which,
being the simplest, will be the first investigated experimentally. An
alternate system employs colinear source and receiver beams; here the depth
information is obtained by means of the time delay between projected and
received signals, analogous to radar and lidar. For this purpose, rapid
modulation of a continuous light or short pulses of light (of the order of a
few nanoseconds) are necessary in order to provide meaningful depth infor-
mation. A moderately powerful light source is also required so that measure-
ments may be made to as great a depth as possible. Finally, the temperature
and salinity information is contained in small changes in wavelength of the
light returned from the sea, so that the 1ight source used must have 2 narrow
wavelength spread. A1l these requirements can be satisfied by the use of a
laser. The laser will be mounted on a ship or aircraft and will project its
light downward into the sea. Returning light scattered in a backward direc-
tion by the sea will be deteacted and analyzed with respect to time, intensity,
polarization and wavelength. This information will in turn be recorded and
processed to yield the desired parameters as a function of depth. The system
is shown schematically in Fig.l.6.

In order to measure the parameters the evaluation of light scattered by
a number of processes is necessary.

1. Scattered 1ight from a laser beam:

a) Tyndall and Mie scattering: Here the wavelength of the incident

light is unchanged. The intensity s, in general, proportional to the density of
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particles suspended in the water. These forms of scattering give rise to
cloudiness or turbidity which is the phenomenon that interferes with the
clarity of the water. The amount of scattering depends on angle, but for
most situations of interest a single measurement at a particular angle can
he used. Here we propose a normalization function to correlate measurements
made at different angles.

b) Rayleigh scattering: This occurs in clear water and is analogous
to the molecular scattering in the atmosphere that gives rise to the blue
color of the sky. The intensity of Rayleigh scattering is usually much less
than Tyndall scattering, and its intensity is a known function of tempera-
ture and can be predicted. In general, Rayleigh scattering will be of no
direct use to us, but because it can be predicted and is very faint, it will
not interfere with our measurements.

¢) Brillouin scattering: Photons in the incident 1ight react with
phonons in the liquid to produce wavelength-shifted 1ight, where the shift
is proportional to the velocity of sound in the liquid. The shifted wave-

length* is given by:
v

IR (1 £2n Ei sin % )
where Xo is the incident wavelength, n is the index of refraction of the
water, v is the sound velocity, ¢ is the velocity of light, and 3 is the
scattering angle. This means that there are two shifted spectral lines with
scattering proportional to Vg the sound velocity. For backscattering, the
angle between incident and scattered radiation is 7. The resulting wavelength
shifts are about 0.08 A, which can oe neasured using a Fabry-Perot inter-
ferometer. This measurement yields the sound velocity in the sea, V..
The Fabry-Perot is a spectroscopic instrument with extrenzly high re-

solving power and sensitivity. In addition it can be prepared5 to have several

13




channels operatihg simultaneously. Thus the measurement of the Brillouin
peaks can be carried out rapidly enough to preserve the depth information
provided by the time delay, which amounts to 6 nanoseconds per meter,

d) Raman scattering: The Raman scattering differs from the com-
ponents considered so far in that the wavelength of the scattered light dif-
fers much more from that of the incident. For this reason, the spectroscopic
problem is much simpler, and interference filters can be used for its measure-
ment. Salinity information can be obtained either from depolarization of
water Raman lines, or the intensity of cartain ion lines, principally the
sulphate ion.

In the Feasibility Report it was shown that a moderately powerful laser
operating in the blue region of the spectrum (440 to 490 nancmeters wavelength)
can, for a relatively clear sea, be used to provide data on the parameters men-
tioned above as a function of depth. Brillouin, Raman, and Tyndall scattering
from the laser beam are all to be utilized, as summarized below. The process
for each parameter is described in turn,

2. Sound Velocity

The sound velocity, Voo in the sea is well known, having been of military
as well as scientific interest for many years. [t depends on salinity, depth
and especially temperature. It turns out that the sound velocity in
liquids can be measured using a beam of light as a probe, and that light from
a laser is particularly well suited to the purpose. If such light is passed
through water, it is found that two additional wavelengths appear in the scat-
tered light. These additional wavelengths carry the information on the speed
of sound; their spacing is proportional to Ves the sound velocity. For back-
scattering, the wavelength shifts are about 0.08 A, which can be measured using
a Faory-Perot or a Mach-Zehnder interferometer. This measurement yields the

sound velocity in the sea, Ve

14




3. Salinity and Temoerature

Measurements of the salinity are to be carried out by using the Raman
affect. In the Raman effect, unlike the 8rillouin aeffect, the wavelength of
the backscattered light is considerably altered by the interaction of the
light with energy levels of the salt and water molecules. Since the population
of these levels is temperature dependent, the characteristics of the Raman
spectrum depend on the water temperature and the salinity. [t turns out that
both the wavelength and the polarization of the Raman light are tamperature
and salinity dependent. A recent study® by Chang and Young has shown that if
the laser light is circularly polarized, the Raman scattared light will show
depolarization wnich is dependent on salinity and tamperature. Tnis denendenca
is different fram that of the Brillouin 2ffect mentioned above. A combination
of the two observations yields the temperature and salinity seoarataly.

A more direct method involves the SO4 ion. OJue to its intarnal structure
this ion gives rise to vibration-rotation Raman affect which fis favorable
in wavelength to transmission by the sea. Except in very unusual circum-
stances, the SO4 concentration and those of the principal constituents of
the salinity of the sea, Na and Cl, are strictly proportional. This means
that a measure of the SO4 jon will suffice %o measure “he salinity. There
seems no reason why <his cannot be done with suf¥icient accuracy %o reduce our
temperature measurements. An experinental study of this approach in seawater
is planned. The salinity measurements are then combined with those of sound
velacity to obtain the temperature.

4. Turbidity

In the literature there are at least tan definitions of turnidity.  We

19§




choose it to be the lack of clarity of water resulting from suspended

particles which causes light to be scattered at random. A laser beam is
particularly well suited to make this kind of measurement, since the gquantity
of backscattered light from a laser beam is a direct measure of turbidity.
This component of scattered light exhibits no change in wavelength from the
incident light and is called Tyndall scattering. The ratio of the intensity
of Tyndall scattering to incident light intensity gives the turbidity. In
previously used methods a difficulty has always been the incident light in=
tensity measurement. The intensity of the Brillouin scattering corresponding
to a given incident intensity is a known function of the water parameters and
will give a direct measure of the intensity of the laser light at a particular
layer of the sea. This is then compared to the Tyndall component, and the
turbidity of the various depths can be directly deduced from their ratio.
Thus, the measurement of turbidity can now be made much more accurately than
before, since a ratio is used where both quantities come from the same water
sample.

D. Feasibility Criteria

1) Seaborne Operation.

The acid test of any measurement is the accuracy obtainable in a given time
of observation. The mechanisms of Tyndall, Rayleigh, Brillouin and Raman
scattering are sufficiently well known that a calculation can be performed
on the beam of scattered light from the sea when the optical parameters
(size of lenses, for example) are known, and the intensity of the incident laser
light is given.

we have assumed the use of a relatively modest laser (0.1 joule}, an

average optical system and determined the accuracy of each measurement Dy

means of a computer simulation. First the intensity of scattering was determined.
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This calculation was checked against a 3rillouin spectrum in the Laboriatary,
as shown in Fig. [I11.2 (p. 32). Then using information thedry and the

characteristics of typicai intarferometers of the type to ue uysed, the in-

formation contant of signals from the sea was avaluatad. Fig. [I11.4 (p. 34)
X shows a computer simulation with a separation of the 8riliouin peaks of
0.28 em~! and a turbidity of 0.28S.

The main configuration considered was 3 three channel Fabry-Perot inter-
i farometer, shown in Fig. VI.8 (p.68). A laser sends its light by a right-
angle mirror into the sea. [t is backscattared and collectad by the co'lecting
lens. Rendered parallel by a negative lens the light passas througn 2 Fapry-
Parot intarferometar and 1 Tocussing lans and falls on i1 Fafnir image divider.
The *hraee channels are separatad naere and are directad 0 separat2 Jroto-
multipliers as shcwn.

The parameters chosén were:

a) LASER
Power 100 mJ/pulse
Wavelength Y variable 3,300 K - 4,000 3
Line Width 0.05 cn”*
Pulse Length 4 nsec
) GEOMETRY
Height Above Surface 0 (Shipborne)
Sea Surfacs Factor 1
Area of Collecting Lans 300 em?

Efficiency of Instrument 0.1

A typical result is shown in Fig. VII.1 (p.82). Here tne 3ccuricy of temcerature
measurements is shown at various ceoths in clear s2awatar a5 4 ‘unctisn oF wave-
length. [t is seen that tne most £avorapie wavelength liss in the neighoorncod
of 150 nanometars and it 3Q metars an 3iccuricy of abgut .2 degrees T s

forecast.

17




One of the most important questions pertaining to an optical system of
this sort is the effect of turbidity in the water on the depth which can be
reached. This can be answered by the computer model and a typical result is
shown in Fig. VII.3 (p. 84). Here two Fabry-Perot interferometers, one wtth hign
finesse F and one lower are compared. Accuracy in degrees centigrade obtainabie
at 20 meters is plotted against turbidity. We note that the effect of turtidity
is relatively small, indicating that clarity of the water is not as vital as we
had thought, an encouraging result.

2) Airborne Qperation

For the airborne experiment, the neight above the surface (see Parameters,
part b, above) may be given a value, for example, of 200 meters. Here the
offects of sea-surface also enter. However, the airplane bathymetry experi-
ments of the Wallops Island group in the Key West area have indicated that,
except for very strong wind conditions, the sea surface does not appreciably
interfere’” with the bathymetry accuracy. Our own calcuiations indicate the
same thing. The feasibility of airplane measurements is certainly indicated.

3) Bistatic Experiment

The airborne measurements require a coaxial laser and scattering team,
so that the effect of the non-flat sea surface is eliminated. This, in turn,
means that depth information is to be obtained from time-of-flight data. Such

measurements require fast pulses from the laser as well as very short gated

receiving systems. These lasers are expensive to buy and probably cannot be

obtained surplus.

It happens, however, that for a seaborne experiment another far less
expensive method can be used for cepth information. This is t0 use two
positions, one for sanding and one for receiving, and to vary the angle be-

tween them for depth measurement. This is the principle of the ordinarv
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rangefinder. Such a configuration is shown in Fig. VIII.1 (p. 88). The
depth of the shaded area from which the measurement comes can be deduced

from the angles of the two beams by trigonometry. Our first experiments in
actual outdoor salt water will be made using this configuration. This is
because due to a restricted budget, we are relying mostly on equipment either
on hand in the Laboratory or borrowed (like the laser). Since this method
measures the Brillouin, Raman and Tyndall Scattering as a function of depth
just as the final system will do, it provides an 2xtremely valuable check

on our calculations, and so is a logical first step in our Experimental
Program. When we have actual Brillouin spectrum results from a natural

body of water outside the Laboratory, our level of confidence will be greatly

increased.




II. Delineation of the Quantities

A. Temperature

The object of our measurement here i3 tha thermodynamical bulk
temperature of the water, the quantity normally measured when a thermometer
is introduced into the water. This temperature is required in considera-
tions of water circulation and biota distribution and can be used as a
labelling parameter of wate: masses in certain circulation studies.

In our measurements, “he temperature is inferred from the speed of
sound, and, assuming sufficient knowledge of the other parameters pressure
and salinity, this inference i< very precise. An expression we have used
for the speed of sound is exact o better than 0.5 m/s%, and with the linear
temperaturs variation of about 3 m/s per °C, the precision is already better
than 0.2 °C. Using suitable calibration, we do not expect any observable
error in this inference; the temperature will be computed with the precision
with which the speed of sound, salinity and pressure are known.

Tre Brillouin spectrum is a very direct method of measuring the speed
of sound: the wavelength of the laser pulse is shifted in the scattering
volume by an amount directly proportional to the speed of sound at this

location; this modified light is then observed without any possibility of

further change, since a second scattering would reduce the intensity to

nothing. For comparison, the only presently employed method of temperature
remote sensing by thermal infrared intensity measurement is sensitive only

to the observed skin temperature. There are indications!:? that this skin
temperature may be lower than the bulk temperature by 1°C and even more,
depending on relative humidity and wind conditions. In addition, the in-
frared measurements have to be corrected for the absorption in the atmosphere,

which varies with path length and humidity.

20




The measurement of temperature using the Brillouin spectrum on the

other hand, is only limited by the power of the laser and the ability to

measure salinity.

B. Turbidity

Until very recently, the gquality of our waters in lakes, streams and
near the coast at sea has been deteriorating steadily. Dredging operations,
discharge of industrial and municipal wastes, and agricultural usage all have
contributed to a decrease in quality of those very neighboring waters most
useful to us for recreation and for fisheries. Since the general realization
a few years ago that we must preserve our water heritage and limit our
despoilation of this important natural resource, there seems to have been
a dramatic turn of events. In some cases tfe rate of deterioration has
apparently been slowed, and even reversed. Controls on activities which
may adversely affect water quality have multiplied, and considerable expen-
ditures have been made or projected to improve water quality. Fisherman
have reported improvements in the Great Lakes, and coastal waters such as
Biscayne Bay seem somewhat clearer than a few years ago. Sut how is water
quality to be measured? How are we to know whether we are winning the battle;
whether the expenditures are fully effective.

0f the measurements of water quality, that of turbidity or lack of
clarity is probabiy the most useful. This is not only because measurements
can be made optically, and therefore quickly without complicated chemical
analysis, but also because it is exactly the lack of transparency which
turbidity implies that is perhaps the most direct and obvious measure of
water deterioration.

The literature discloses!® at least nine distinct definitions of

turbidity or lack of clarity. Here we shall consider that turbidity causes
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the cloudiness in waterwhich obscures objects on the bottom. We shall not
be concerned with absorption, which limits the transparency of water but
does not reduce the definition or contrast of what we see. The cloudiness
that we wish to measure is caused by suspended small particles in the water.
When 1ight encounters these particles, it is scattered in all directions.
The result is a decrease in the clarity and contrast of an image.

Consider a beam of monochromatic 1ight incident on a sample of water.
It is assumed to have wavelength X and irradiance Io‘ In an infinitesimal
volume dxdydz, a certain amount of light, dI, is scattered in a solid
angle do. This amount is proportional to the incident intensity lo, tO
the solid angle da, and to the Volume dxdydz, and is a function of angle
and wavelength:

dl = o(3,\) I, da dxdydz
Here ¢(3,x) 1is the scattering coefficient which is to be measured. In
those cases where the particles doing the scattering are small, of diameter
d, the same order or smaller that the wavelength A of the light, the angular
dependence is very complicated. In most of the turbidity which affects
water quality, however, the particles are considerably larger than wave-
length, d >> %, and the variations with angle are simple while the wavelength
dependence is negligible.

Measurements of turbidity are thus equivalent to the measurement of
scattering, which is dependent on angle. A type of scattering meter, the
nephelometer, is adapted to measurements at 30°. Other methods include
the taking of water samples, the Secchi disk, and measurement of the
intensity of a light beam after passage through a definite length of water

compared to its original intensity. They may be classified as follows:
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1) transmissometer
measure either diffuse or true extinction coefficients
either in situ or in vitro.

2) scatterometer (nephelometer)
measure the scattering properties of the sample, usually

but not always at 90° in vitro.

3) combination of the preceding two methods -
a) contrast meter: - Jacksaon candle turbidimeter
- Secchi disk

- rotating black and white disk
b) ratio of transmitted beam and scattered beam.

In order to be able to make even the most approximate comparison of
measurements by these methods, some kind of standard angle dependence must
be assumed. We found that instead of making each of the comparisons with
ad hoc assumptions, it is much simpler and more consistent to refer all
these measurements tu a new unit based on the definition of turbidity:

"“Turbidity corresponds to the amount of suspe-ded

matter in a sample of water, as ascertained by op-

tical observations. T4e units are required to be

proportional to dilution, viz: dilution by half

of a sample will reduce its turbidity by haif."
We define then a sample of turbidity 1 as having a scattering coefficient
s(8,1) equal to the turbidity normalization function 3(3) shown in Fig. II.1
This function was obtained as the simplest closed analytical form that
approximates the scattering angular dependence of most bodies of water.
[ts intensity corresponds roughly to the transition between clean and

dirty water. Some technical data of this normalization function are
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are given below, and all the turbidities discussed in this and the
following reports will be given in this unit.
The normalization turbidity function 8(s) :
1) defines a sample of turbidity 1 and has an angular dependence
chosen to approximate the scattering of most bodies of water

(for instance,

]02 B_(ﬂil: 3 -

4r o
while this quantity varies from 2.5 to 3.5 in oceans and lakes.)
2) when multiplied by 16.77197 gives an angular function in tur-
bidity normalized to 4.
3) can be understood as corresponding approximately12 to about
1.2 x 106 particle liter, of index 1.6, witn diameters
above 2 um distributed in Junge distribution slope 1 (assuming
density of 2.5, this gives about .6mg/liter).

In the ocean, the actual particulate matter giving this
scattering would probably be closer? to 5 x 10'0 particles/
liter, of index (1.4 + 0.01i), distributed between the diameter
of 0.08 and 10um by a Junge distribution of slope 3. This
results in an absorption coefficient a = 5.2 X 10-2 that we
use as the normalized absorption coefficient of a sample of
turbidity 1.

4) the total scattering coefficients of a sample of turbidity t.
is ¥ x 0.59623; with the normalized absorption a of the par-

ticles, this corresponds to a half intensity propagation

625

length HIL = :

cm.
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C. Salinity

The presence of salt in sea water results in appreciable changes in
the pnysical properties of the water. The simplest expressions for the speed
of sound, the index of refraction, and the density must have at least one
salinity parameter. Fortunately, since most of the variations of salinity
are due to rain or evaporation, the ratio of the different salt constituents
stays about constant, and only one salinity parameter is quite sufficient
for most uses: most physica1Aproperties of sea water can be written in a
TpS system, i.e. as 2 function of only temperature, pressure and salinity.

The salinity parameter can be expressed in many ways, but parts per
thousand of salt has been a fairly standard cne for a long time. [t has the
advantage that it can be understood as gram of salt per kilogram of sea
water in thermodynamical computations. These are the units we use in this
report. A normal value for salinity in the ocean is 35 gm/kgm and is
distributed as‘“:

19.353 Chlorine
10.76 Sodium
1.292 Magnesium
2.712 Sulfate
0.412 Calcium
0.399 Potassium

The rest is Bicarbonate and some trace elements.

0. Speed of SJound
The Brillouin spectrum corresponds to two peaks shifted in wave-

number by an amount equal to

n v R where n is the index of refraction

v, sin=z8 y_ is the speed of sound

o) 2 S . A
Vg is the laser wavenumber and
39 is the scattering angle.

S
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Since the wavelength of a laser is well fixed and the sin-% 3 variation

is negligible in backscattering (s = 180), the separation of the peaks

gives a very precise measure of n Vg or more exactly the index of refraction
at the laser wavelength multiplied by the speed of sound at that frequency:
2n Vg Vo sin %-e . This is a very well defined physical quantity, which is
a local bulk property of the water at the scattering point. Although this

water characteristic can be referred to the T p S system, its measure is very
direct and, since it is never influenced by the surroundings, it may be
advantageous to consider it independently in certain studies. We expect
these kind of measurements to be very useful in studies of stratification

of water bodies, to obtain a fast three dimensional picture of the plume

from a river or cooling water outlet, and as a labelling parameter in ¢cir-

culation studies.
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{II. Turbidity

A. Theaory
A computer model of the Brillouin Spectrum of water based on the theory

reviewed in Chapter V of this report was developed during this phase of the
contract. A brief review of the Tyndall or particle scattering information
used is presented in this section and is shown to be a means of measuring
turbidity when coupled with the intensity of the Brillouin spectrum.

Tyndall scattering was mentioned2 as typically the brightest of the de-
tected returning radiation. I[ts central wavelength and spectral width are
essentially the same as those of the laser. The angular dependence of the
scattered intensity has been studied by others in many dodies of Qater. The
combining of results of several of these experiments has led to the turbidity
normalization -function shown in Fig. I1.1 (p. 24) which matches the data
over a wide range of variaticn.

The separation of the 8rillouin peaks contains information about the
water sample temperature and is independent of the absolute intensity of
the laser. Since the temperature of the water is calculated it follows that
the intensity of the Brillouin effect carries the information needed to deter-
mine the intensity of the probing laser light that interacts with the volume
of water being studied. Using the turbidity normalization function mentioned
above, the normalized Tyndall peak intensity can be directly compared to the
3rillouin effect intensity and an accurate and repeatable measure of turbidity
obtained.

This method of measuring turbidity has a significant advantage over
previous methods because the standard for comparison (3rillouin)
originates in the same volume of water as the effect under study (Tyndall).
Both the Brillouin and Tyndall scattered light reaches the receiver after
transversing the same optical path so no assumptions need be made about the

medium between tie receiver and the volume under study.
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B. Experimental
During the feasibility study of this project the Brillouin spectrum

was observed using a helium-neon laser and a Fabry-Perot interferometer. In
this phase of the project the computer model was used to simulate the
laboratory conditions as reported earlier. The purpose was to obtain "a
posteriori" the turbidity of our water samples by matching the laboratory
data with the computer simulation.

1. Laboratory Work

The light source used was a SPECTRA-PHYSICS Model 124 helium-neon laser
(6328 A) with an output power of 10 mW. The water samples were contained in a
spherical glass flask and the purity of the sample was varied. The non-specific
description of purity was then replaced by our definition cf turbidity so
in essence, scans of the Brillc' 'n spectrum were made on samples having dif-
ferent values of turbidity. Most of the scans were performed at a scattering
angle of 90°. A lens system relayed the scattered light to a Fabry-Perot
interferometer as shown in Fig. III.1.

The Fabry-Perot interferometer was in a pressurized housing with a 1 cm
spacer giving a free spectral range of 0.5 cm~! (0.20A at 6328 A). With this
spacer the 8rillouin scattered light fell approximately 0.3 free spectral range
from the Tyndall central peak. Freon 12 (C2C12F2) was used to scan the
Fabry-Perot with a change in pressure of about 0.3 1bs/in2 corresponding to
a complete free spectral range of the interferometer.

A lens imaged the fringe pattern on a plate with a centered small aperture
followed by a photomultiplier. When the laser light was put through the
optical system,the finesse of the whole system was measured and found to be

about 5.
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A typical output from this system including the Brillouin spectrum is
= shown in Fig. [Il.2. The scattering angle was 90° and the water was considered
to be relativeiy clean. The limitation of available finesse (using off-the-
shelf components only) did not permit better isolation of the central peak.
7 [t is moreover not necessary to clearly isolate the Brillouin peaks to obtain
; an accurate measure of turbidity. A signal-to-noise calculation in chapter VII
of this report demonstrates this offect in detail. Typical results indicate -
that the method easily gives turbidities with a precision of a few.per cent,
which is much better than any previous method.

2. Computer Simulation

The computer mcdel of the Brillouin spectrum was developed using the
theory presented in Chapter V of this report. The temperature, salinity,
and pressure of the water are input data. From these specified quantities
other properties of the sample are derived. These are density, index of
refraction, speed of sound, partial derivatives of the index of refraction
(with respect to temperature, pressure, and salinity), volume expansion coef-
ficient, and isothermal compressibility.

Additional information is then added, giving the angle of scatter of
the receiver and the wavelength of the laser. The scattering coefficients,
spectral widths, and spectral shifts for each type of scattering are then
calculated (isobaric, salinity, Srillouin, and anisotropic). A Tyndall
scattering coefficient can then de assumed and the ccmplete simulated
spectrum displayed.

The simulated spectrum can be put through a theoratical Fabry-Perot
interferometer. This can be done after a finesse and free spectral range
is specified. Figs. [Il.3, [I1.4, and II1.5, show a sequence of modelings
as the scattering coefficient :p is varied. The pressure, temperature, and

salinity were assumed to be 1.0 atm, 20°C, and 0.0 parts/thousand regpectively.

31




.r
t ———
L
-
R —
b -

L e

SR

- s

— e

!
——

. — -_‘— — -

JUIONN PUI

[ S

.-4-..
o0

-
-

i SR

- | Y _—.!_.

2 111 o4

-,06 1° wna12ads uinoj g {eyuauaadxy

o

e — s g

]

—— i — ¢ —
——

=

|
-

T
|
S M Hni
T

- . ———— - -

e o e b s

lan oo - -

32




e -

7 R ———

L,

610 = *

¢ 111 "9l '

33



o

P e e

s8z '}

bo111 3Un9id

X1




R

gc'0 = ?!

G 111 3Wno1d

3S



The scattering angle was 90° and the laser wavelength was 6328 A. The Fabry-
Perot was assigned a free spectral range of 0.5 cm~! and a finesse of 8.
The closest match (relative height and half-width) is Fig. II1.4 with

a turbidity of 0.285.
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IV. The Problem of Determination of Salirity

A. The Need for the Measurement

Brillouin spectroscopy can provide a measurement of the speed of sound
in the sea. This is discussed in more detail in other sections of this report.

The speed of sound is given as a function of temperature, salinity, and
pressure (depth) by many authors. The depth for each value of the speed of
sound can be found by measuring the time delay in the arrival of the back-
scattered light from the sea following the arrival of a reflection frcm the
surface; or in a bistatic system onz can provide depth information by the use
of trigonometry.

The temperature and salinity information cannct be separated dy the
speed of sound measurement alone, and so an independent method for measuring
one or both quantities must be achieved, except in special cases described
below, where simplifying assumotions can be made.

1. In fresh water the salinity may be assumed to be zero. The speed
of sound and depth measurements are then sufficient to provide a measurement
of water temperature.

2. In the ocean the salinity near the surface changes gradually over
distances of hundreds of kilometers. Figure IV.1 depicts the mean surface
salinity of the world's oceans.!“ The surface layers are often well mixed
and therefore the salinity may be assumed to be ccnstant. A mean value for
salinity may be chosen with which to calculate temperature from speed of sound
measurements, allowing for some uncertainty of results.

3. Some water bodies of interest may not fit these special cases.

For example, brackish water in estuaries generally exhibits large vertical
and horizontal gradients of both temperature and salinity, as does the sea

in reqions of high precipitation or evaporation. [n these cases an
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independent salinity measurement should be obtained to allow accurate cal-
culation of temperature in conjunction with the Brillouin speed of sound
measurement.

8. Methods of Measuring Salinity

1. Microwave Method (surface only).

when microwaves are reflected from an object,the electrical properties
of that object strongly influence the reflectivity. Microwave sensors have
been proposed for use in SEASAT and were uﬁed in Skylab for oceanograpnic
purposes. Measurements of the electrical conductivity of the surface layers
of the sea would allow the calculation of the sea surface salinity. Such
systems have been flown in aircratt and give values accurate to one part in
1000.'3 We are, however, more interested in determining salinity in depth.

2. Raman Scattering

The Raman spectrum of a molecule can be understood as scattering involving
a quantum jump between TWo energy levels of the molecule. Since the energy of
*he scattered photon is equal to the energy of the incident photon minus the
energy difference between the final and initial states of the molecule, the

wavenumber shift J is cbtained directly by

~ith all energy levels in cm~!.

Raman Scattering produces spectrai bands of lower and higher energy
referred to respectively as Stokes and anti-Stokes bands. The Stokes band
is the most intense and is the form of Raman scattering in which wza are chiefly
interested. The Raman effect arising from the vibration of water molecules
is depicted in Fig. IV.2.

a. Raman Depolarization of Hp0

[t turns out that both the wavelength ard the polarization of tne water

Raman spectrum are temperature and salinity dependent. A recent study by
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Chang and Young® has shown that because seawater may absorb certain colors

in unpredictable quantities, the wavelength shifts of Raman spectra are not
useful in measuring temperature and salinity. However, the study further
shows that, if the exciting light is circularly polarized, the Raman scat-
tered Tight will show depolarization which is dependent on salinity and
temperature. The circular depolarization, P cannot yield the salinity or
the temperature separately. Chang and Young proposed to treat the ocean as
a body of constant salinity and thereby obtain the temperature profile from
one measurement. [f this method fis instead combined with the Brillouin
method, we will have two independent aquations available from which the two
unknown variables, temperature and salinity, may be simultaneously calculated.
Tnhe discussion of this system of simultaneous equations can be found in our
previous report.?

One possible instrumentation system to utilize the Chang and Young
results consists of a blue green laser to obtain maximnum penéiration of the
sea. The laser light is circularly polarized by a Brewster window and a
quarter wave plate.

The Raman backscattered light from the sea is passed through an inter-
ference filter to limit background radiation noise. The light is then passed
through another quarter wave plate, a beam splitter and two linear polariza-
tion filters so that the right and left hand polarization states may be
simultaneously observed. A photomultiplier and amplifier must be provided
for each channel. The schematic for the system is given in Fig. Iv.3.

b) Oetermination of Salinity from Raman Spectraoscopy of Sulfate lons

in the Sea.

A measurement of the zoncentration of sulfate ions in seawater allows

7 The concentration of the

the direct calculation of the salinity.15,"
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ions may be measured by observing the ratio in amplitude between the Raman
scattered light and the light incident in the sample volume.

The instrumentation required to measure the sulfate Raman effect are
an appropriate interference filter, a photomultiplier, and an amplifier.
Information on the intensity of light incident on a sample volume may be
obtained from the Brillouin measurements.

Other investigators. have studied the Raman spectrum of sulfate in
the sea, and careful attention will be paid to their results!8,12,  The
combination of the salinity thus obtained with the independently measured
speed of sound and depth information would allow the calculation of
the temperature of the sea with depth.

¢) Discussion.

The Argon lon laser on loan to the University of Miami Laboratory for
Optics and Astrophysics from the Navy (via NASA) will be useful in examining
the relative merits of the different Raman spectroscopic methods. Experi-
ments will be performed to determine which method provides the best means of
obtaining an independent measurement of salinity. H20 Raman backscatter
depolarization and SOZ Raman backscatter intensity will be measured for
solutions of salts and typical seawater in the laboratory.

These experiments will serve to verify the results of other researchers
and provide experience in the technigues for future application in a ccm-

bined Brillouin-Raman instrument.
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V. Brillouin Scattering

One of the reasons we are soO confident of the practicality of the
Brillouin spectrum method of temperature sensing is that the theoretical
basis of the phenomenon is well established and that computation of the ef-
fect is possible. Brillouin spectroscopy is one of the rare fields of physics
where theoretical work and computations normally agree with the experiment to
within the experimental error. This agreement can be shown for the intensity
of the Brillouin peaks as a function of the thermodynamical quantities, width of
the peaks due to sound absorption, etc., and Fig. y.1, taken from the work of
C.L. O'Connor and J.P. Schluff,*%shows the agreement for the measurement we
plan, the speed of sound in water. In this figure, the speeds of sound computed
from laboratory observations of the Brillouin spectrum are plotted as open
circles as a function of temperature and compared to the standard ultrasonic
sound speed, indicated by the black curve.

We use the Brillouin theory extensively in our computer simulations because
it allows us to compute a large range of problems. Since i; is the fitness
of theory which is at the basis of our confidence in the workability of the
design,~e thought it worthwhile to study the derivation of the equations, to
determine the assumptions used, and thus reveal any limits of the vaiidity of
the models chosen. The flow diagram of the derivation, seen in Fig. v.2, is
a proof that the starting equations are basic. These eguations, Maxwell's
equations (V.2-7) and the differential fluid equations (V.8-10), are applied
to the solution of a specific problem: the electromagnetic waves driven by
the polarization induced by the alectric field of a strong laser beam (v.1) in an
isotropic medium whose index of refraction is written ina T ps sys*tem. We
emoloy various mathematical methods: Green's function (V.11), Fourier transform

(V.12) and Wiener spectrum (V.13) with a2 rather delicate substituticn
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L s(x) = S(x)

Define Green's Function G(x,x') so that

L G(x,x') = &(x=x") .
And
P
5(x) = ‘ S(x') G(x,x"') dx'
When
1 6
= 92 o
L= -2
- s{l—-—-";"‘l . (t-t')}
G(r_vts_r_ ot ) = dr lr_rrl

GREEN"S FUNCTIUN FOR WAVE EQUATION

V.11

.
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Random function  f(x)

of Fourier Transform  F(w)

has a Wiener Spectrun. defined by

1 tim 10 F*(=v) F(n) dv dn .

T &I A0 A )
Alw,=w)

The Wiener Spectrum is sometimes called
Power Spectrum and is used to obtain the

average effect of random fluctuations.

WIENER SPECTRUM
V.13




of thermodynamical for statistical quantities. These lengthy computations
yield the characteristics of the isotopic scattering by the equations of
Table IV.l.. For each kind of isotopic scattering, Rayleigh, Bri11odin and
salinity, the characteristics appear as these quantities: 7 scattering
coefficient, ¢ width and v shift. These are computed in terms of the
macroscopic quantities in the water:
n(T,p,s,\) = index of refraction
o(T,p,s) density
specific heat at constant pressure
activity coefficient of the salt
thermal conductivity

viscosity
diffusion coefficient of the salt

The computation requires some first partial derivatives of the index of
refraction and density. To this exactly computed isotropic scattering, we
add in constant proportion the anisotropic scattering and the assumed tur-

bidity t with the help of the turbidity normalization function. Thus, for

each T,p,s,t we can compute the intensity scattered from the si(a), Tie vy

(15 quantities, 10 non-zero) as shown in Table V.2.

As explained in our January 1975 Final Report, CR-139184, neither the
salinity nor the anisotropic scattering are of appreciable intensity and,
therefore, can be neglected.

An example of the modeling of the spectrum of the scattered light
return from a laser beam is shown for 20 and 40 C in Figs. V.3 and V.4,
The separations are, respectively, of .3036 and .3114 cm™*. The 2rillouin
peaks have a finite width, but it is much smaller than the separation so

that it should not interfere with the measurement.
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g

To the isotropic scattering [cR po(al, rR(gl, 0]
[7g p°(s1, ra(el, v

(s p°(s), (a1, 03

We add the aniso;ropic scattering
(unimportant since ra>>) [ca pa(a), 5, 0]

and assume turbidity t rt 3(s], 0, 0]
Thus for each (T,p,s,t) of the watar
and "o of laser with pulse intensity IOQz)
we define Shape Function
g, T, (3)

it
ri2(a) + 4(u=v, (3112

$(v,8) = %‘,E p'(3)
i,

*

and obtain the intensity scattered by a length . of water
in a solid angle 2 as

2

I(v) = Io(v) * S(v,3) 2

272

TABLE V.2
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VI. System Design

Once we have a reliable method of predicting the scattering of the laser
beam, it is possible to model the features of any design. During the period
of the contract covered by this report, a large portion of the work has been the
analysis of a number of passible subcomponents, rejecting the ones that were for
some reasan unsuitable, and finding simple and correct expressions to model the
remaining ones. The end result of these studies can be found in this chapter,
which. represents the basis from which the designs can be composed and con-
+ains the algorithms for their avaluations. The system to measure +he 3rillouin
and Tyndall scattering consists of a laser. an optical system, a dispersive
alement, optical detection and data processing. Each of these subcomponents
will be analyzed in turn.

A. Laser Parameter

Naively, the most important parametars of the laser should be its intansity
and wavelength. However, the situation is a little more ccmplex because of the
difficulty of comparing the intensities of continuous, pulsed and modulated
lasers, and also becauseé the length of the pulse influences the scattering length
observed and thus the intensity, while the spectral width may widen the 8rillouin
peaks. Tne simolest modeling is normalized with respect to pulsed lasers
characterized by four parameters 3s shown in Table yial

A modulated or continuous laser is just considered as 3 succession of
sulsas. The measurement of a succession of puises i3 usually gquivalent %0
the measurement of aone pulse of the same total power. For instance, the
measurement of 2 1 watt continuous laser for 1 second is aquivalent 20 tnat of
a pulsed laser 0f 1 joule.

Although the continuous progress in “ne laser field ~ill probadiy resul®
in new possible laser choices “or the future, we nave detarmined %nat 3t teast

3 now axisting laser systams could be used ‘or 3rillouin temperalure remote

sensing.




LASER PARAMETERS

Power

Wavelength o

Line Width

Pulse Length

Table VI.1

53

100 md/pulse
variable 5300 A - 4000 A

0.05 cm~!

4 nsec
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1) Yag-Nd++ pulsed laser frequency doubled to 5300 A:

This laser appeared at the start of the gesign phase to be the most in-
teresting system: There are no limitations in power, pulse width or line
width with suitable accessories, and powerful lasers of this kind have been
routinely flown in airplanes. However,it turns out that the laser wavelength
5300 A is not the best for maximum peretration in the sea, and that the acces-
sories for reducing the pulse langth and spectral width are expensive in funds
and energy. Its use would then be reserved for a possible expensive large
system.

2) Dye Laser, excited by N, Laser:

Oye lasers have many advantages, such as complete tunability in the wave-
length region of interest, a natural pulse length of about § nanosec, and the
additional avajlability of the powerful UV No laser pulse itself for Raman
salinity measurements. They however require a double Fabry-Perot in the laser
cavity for spectral width reduction and are at present limited in power by
dye destruction.. Since they have efficient energy conversion, they may be
used for the airborne system, if the technology of more powerful large bore
lasers with narrow spectral width continues to make progress.

3) Argon Ion Laser

These provide easily sufficient continuous oower in a series of very
narrow spectral Tines in the region of interes® 3000 - 2500 3 with a wel] oroven
technology. However,the need for modulation in “he monos*atic systems ~ill tend

to slow down the measurements and recduce *he cower availanle. This laser sys-
tem clearly appears o ze the least 2xpensive and *he 2asiest =3 use €or *he
first phase of the experimental program.

3. Qptical System

The optical system, as shown in Fig. YI.1, may be <ept ratrer simpie: A

method to dring the laser ceam ¢ “he water %o be analyzed, and a targe lens
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for collecting the scattered light. Since all considerations indicate
definite advantages of keeping the laser beam as small as possible, we have
only to steer the beam by 2 mirror, and the only attenuation is due to the
absorption hn(x) of the underwater path Y (the small reflection at the surface
should be negligible and will be included:in the-sea surface factor).

The scattered light is then collected by the largest possible lens (of area A)
at a height H abave the water. Taking into account the refraction at the sea
surface, the solid anqle collected is A where n is the index of
refraction of the water. The power scattered in this solid angle is then the
laser power multiplied by the scattering coefficient, the solid angle, and the
length of the scattering nedium observed. This length L is found from the
geometry in a bistatic system and from the inteqration time of the detec*or

4 in the monostatic system L = ¢ty This scattered intensity is

2n Y
attenuated by the absorption of the underwater nath by a factor e’h(A){

At

and
by losses at the sea surface described by & factor k, a functicn of the dimension
of the re- . beam. In conclusion, the light intensity passing through the

area A of the lens can 2e computed as 2 function cf wave number:

A At
C2n(N)Y L, A
I(v) = ke’ L.O(v) * 5(,3); TICRERL

and the instrument nas to make the best use of this ocserved 1ignt.

C. Dispersive System

Tnis collectad lignt has to be analyzed vor the spectral information tnat
will give the speed of sound and the turbidity. This is done 2y distributing
the photons in several channels; %0 obtain ftwo quantities (sp2ed of sound and L
turbidity) by ratio of intensity in +ha channels requires tnree channeis.

After discarding sever2l intaresting schemes of disoersive systerms,




we are now considering only two options: Fabry-Perot and Mach Zehnder inter-
ferometers. We will probably use the Fabry-Perot system in the first stage
of the experimental work because a suitable Fabry-Perot interferometer is
available at our laboratory and we have years of experience in its use, but
hecause the Mach Zehnder system is not as sensitive to the effect of the sea
surface and is more stable, we plan to use it for the airborne system.

Fig. VI.2 illustrates the principle of the Fabry-Perot: Each wavelength
» is transmitted in a ring of angle 3. A multimirror inclined at an angle 3
can then direct various wavelength ranges towards photomultipliars at angles
25> (Fig. VI1.3). The quality of the Fabry-Perot is best expressed Dy the
"finesse" 7, defined as the inverse of the unavoidable spectral spreading
compared to the free spectral range FSR. The effect of the Fabry-Perot can
then be written as the convolution of the spectra with the spread function

: -FSR?
-» FSR2 + F2(yv + k FSR)?

and the mu]timirrof selacts a suitable wavelength range in this convoiuted
spectra. The range of the three channels are shown in Fig. V1.4 and VI.5
compared to the convoluted 8rillouin spectra at 20 and 40°C. The signals
are given for a shiptorne system looking at a depth of 20 meters w~ith a J.1
joule taser at 4300 A in units of 107 photons. The schematic of the Fibry-
Parot system is given in Fig. YI.6.

The Mach Zehnder system is based cn anctner interfarometer shown in
Fig. VI.7. This instrument is often thought as an unfolded Michelson
intarferometer yielding the same zhanneled spectrum, dut in reality tne un-
folding allows the transmission of <wo complementary cnannelad spectri. The
advantage of 1 Mach Zz2hnder is 2 consaguence of tne fact that no 2notdns ire
rejected: This not only resulits in a great sensitivity, dut it also frees

- -

she design of %he necassicy of insuring uniform iiluminazion 3% tne Inanre s,

63
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The amount of light accepted by the interferometer is easily increased

by field widening as in Fig. VI.8. To obtain the necessary three channels,

two Mach-Zehnder interferometer are used in succession: A first one is used to
separate the Tyndall peak, and the sacond one for analyzing the remaining

light to get the 3rillouin separation. The transmissicn in these channels

will be of the form
T(v) = a1 - scos a;(u+v )10T = yeosa, (v )] -

A schematic of the complete systam is shown in Fig. ¥I1.9, and the expected

transmission of the B8rillouin channels in Figs. VI.10 and VI.11.
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0. C(Collection iand Recording

The systems used to detect and record the photans in eacnh channe)
have to be guite different in a bistatic, monostatic pulse, and monostaric
modulated 8rillouin remote sansor. The bistatic configuration is cartainly
the simplest bSecause continuous or chopped light has to be detactad: We will
simply use good sansitive photomultipliers with quantum afficiency in the nlue
of about 20 zo 30%. With these detectors we don't expect to have to use a photon
counting mode even though this option is available if more sensitivity is
desired. The voltage signal of the <hree channels will then Le rsad sequentially
by the NOVA 300 computer. The matarial for the ana.cg data acguisition system
is already 9nhand and we ire working on tne modifications =3 =ne ~smouc-ar. The
data accumulatad in the computar during a completa run will then 2e dumped aon
taletype or magnetic tape for future refarences.

The detaction systam is a difficult and axpensive part of the monostatic
pulsed system. The axtremely fast varying signal must be measured orecisely
with a time resolution of a few nanosaconds ; Just maintaining a sulsa shape
in the alectronics at these speeds is a complex under<aking. The Yest solution
1s o reduce tne 2lecironics to a minimum and shus use fast ohotomuitinliars with
large gains (these may have long delay times 5ut are designed %3 avoid :ne spread
and jitter in “nis delay) 2and then, after minimum amplification, we digitize
and slew down the juise dy =he use of 1 Tek*ranic transient digisizer,wnicn
can digitize signals of mvol: range at nanosacond spead. This nowever ragresancs
a2 large expense (atout 38,100 ner “ransisnt digitizer), and we will need 2 digitizars
(one per zhannei) and 21 special contral computar. For tasting ourpcses, 31 zneazer
systam without coSntinuous ceoth informasion cauld orscadiy e rizge

1 uyo frem snors
ipersure sampia2s and noids.

This may te 1 metncd ‘o measyring tne zua'ity 17 ta

snotemulzioliars wishgus =n 2xgensa of 3 g3

reccriing sysstam,

un
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E. Data Processing

For reasons of convenience, we will record the data in a minicomputer,
which allows great flexibility in subsequent processing of the data. However ,
a relatively simpie linear algorithm such as shown below will be sufficient for
the prototype:

The intensity in the three channels described in Section C of this chapter
are assigned the notation 11, IZ’ I3 in the following way:

11 is the channrel that increases most with an increase of
Tyndall scattering (cantral channel),
IZ and 13 are the channels that respectively decrease and
and increase with an increase in the separation of the
Brillouin peaks.
Then in a large number oY experiments, sither simulated or real, the temper-
ature To of equality of I2 and 13 is determined, and a regression on data
at this temperature but at diffarent turbidities gives the coefficients C2 and

C4 of Tyndall rejection by requiring that the quantities

Iy @ 12 + I3 - CZI.l

= T < T +
IS R Cdl1
became independent in first order of the turbidity.
It then hecomes easy, for this case of assumed salinity, to find tne

coefficients for the linear expressions for temperature and turtbidity Dy

further regressions:

“his linear processirg was used in the simulations for the design of 2if-

ferent configurations, 30 that the noise could be obtained by 2 methed similar

76




to the square root of the signal. We also discovered at that time the
remarkable precisicn of such a simple computation: no noticeable error
with turbidity from .01 to 100 and drifts of less than 1°C.for range of
more than 20°C.

An easy method for avoiding the error due to even this drift is to
make a table of the needed corrections as a function of the raw results;
such a correction table may already be stored in the computer memory for
the bistatic system so that the direct result of an experiment will be

given immediately by the computer as correct temperature.

~4

~J




VII. Feasibility Criteria

A. Seaborne Bistatic System

The feasibility of the seaborne bistatic system is indicated in part
by numerous laboratory experiments to measure the speed of sound from the
8rillouin spectrum. Typically, a laser heam is directed into the tiquid,
and a Fabry Perot is used to analyze the spectrum. This corresponds almost
exactly to the prooosed bistatic system eicept that we will encounter field
conciticns and impure water.

Since w2 demonstrated the overall feasibility of the Brillouin temperia-
ture remote sensing, we feel that the intansity of the return and freedom
from noise will be quite sufficient in the bistatic system. Comparing with
the detailed computation on the seaborne monostatic Fabry-Perot system discussed
in thic chapter, using a 1 sacond integration time with 2 650 mW laser which
corresponds to 650 mJ instead of only 100, and assuming that the bistatic
system could easiWy_Took at the same scat*ering lengths (about 1 meter),
we conclude that measurements up to a depth of 20 meters should be possible
with the limited instrumentation we are contemplating. Our confidence results
in good part from our previous experience with the Fabry-Perot intarfarometer
and hign s2ansitivity photomultipliers. We have developed techniques for
modeling and assessing these systams. We Xnow that if extreme sansitivity is
needed we can use photon counting; and with the resuiting data in 3 computer,
many processings and time integrazion schemes may easily oe tastad.

E/en without searching at this time for the exact canabilities of 2
working bistatic system, we will need the experienca %hat such 3 simple system
~ith flexible design only can dring. It not only is <he simplest 2nd ToS
direct demonstration 27 tnhe arinciple of the 3rillguin “emcerature remce

wne

sensing, but also offer 2 similarly simple and 1iract -etnod 3f creckin
/

[Ve)




3
£

whole of the theory we have developed. The verification can start with a
situation very close to the normal laboratory Brillouin experiment, and then
be varied continuously up to a practical remcte sensing situation in

biologically active water with normal turbidity at a depth around 10 meters.

8. Seaborne Monostatic System

This system was completely modeled in 2 computer program on the Nova
800. The expressions relevant to the simple system: laser, scattering,
collection lens and Fabry-Perot were taken from chapter V¥ and 71 of this
report and programmed in Basic. A printout of the program is given in
Appendix B. The results appear as the typical computer run shown in
Tables VII.1 and 2. After a series of questions and answers about the kind
of instrument to be modeled, the ccmputer detarmines the best ccefficients
of the prcecessing on the data, and thereafter, for 2ach taemperature, salinity,
turbidity and depth, the program computes the expected signal of each channel
in number of pnotons. These channels responses are orocessed to obtain the
temperature and turbidity, and their root mean square variance.

The most intaresting results of this study are expressed in Fig. YIT.1:
Temperature precision in degree centigrade {lc) compared to laser wave-
length for different deptn, and Fig. ¥I[.2: Turbidity orecisicn in per
cents (lc) compared to laser wavelengtns for different deptns. Tre
orogram was 3150 used to give numerical answers %0 w0 important guestions
on the syszam: The influence of the turbdidity on tne measurement, ard tne

effect of an error in salinity. he most noticeable affact of turhidity was
on the precision in temperature, and is shcwn in Fig. Y11.3, a5 a function of
the finesse of tha Fabry-Perot. [t is nowever 3 very ancouriging sizin tnat

this 2ffact begins %o ippear in relatively 1irty water: A turnidicy af 12

zorresgonds %0 nalf transmission langtn af only 52 ¢m. 2s seen in

79
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the effect of an error of one part per thousand in salinity corresponds to a
drift of 0.6 °C.

These computations give us full confidence in the practicability of a
seaborne monostatic sys<em, but there is no doudt that utmost care will have
to be exercised in the design of the deteaction and recording system. Fortunately,
fast light pulse detection has been the subject of many technological studies,

and our requirements for a monostatic system are within commercial specifications.

C. The Airborne Monostatic

The feasibility of the airbcrne system was dersnstrated in the NASA report®
CR-139184, January 1975, and the computations made so far have only increased
our confidence in those computations. Since then, we have improved %the design
of the airborne systam by the proposed use of 2 doucie Mach-Zshnder interfarcmeter,
thereby increasing the luminosity Dy a factor of more than three and avoiding

troublesome sea surface atfects.

0. Extraneous Light Noise

In a chapter on feasibility, it is adequate to discuss the problem of the
s0ssibility of errcr arising from extraneous signals in the photomuitiplier.
A1l our computaticns indicate that with syitable intarfarence fiitars, there
is no 2xtraneous light p=adblem in a nonostacic 3rillouin temperatyr2 ramota
sensor Secause the scattered lignt is 4istrituted in an axiremely sma
and tempora) resolution. Actually, 2ven assuming -nat the sea surfice sends
111 =he -eflected suniight passidle int2 the instrument, a Fabry-Perot working
at spectral resgiution 0.02 A and tempsial rascluticn of 3 ns, recaives 2anly
axtraneous 1ight 2¢ 1,300 pnotons 2 be campared wish the axpectad

3f signal.




VIIl. Bistatic System

The next phase wiil be to prove directly that the 8rillcuin scattering
method can be used in a practical way to measure temperatures outside the
laboratory. A laser will be mountad on a barge or dock and its beam will
srobe the water to a distance depending on the water clarity at the site
available.

In detail the bistatic system will consist of a platform wnich will
initially be a dock, and ultimately, if nossible, a ship, upon which is
mounted the technical eguipment. The instrument is shown in Figure VIIL.1
and consists of a laser systam and a receiving systam.

The laser system will consist of an RCA-LD 2101 Argon [on Laser (or
equal) complete with power supply. Thnere will also be a mirror sysiem
with a flat under-water window to guide the laser beam into the water.
Adjustments for aiming the laser beam will be orovided.

The recaiving system will include a second mirror system with lens and
under-water window to collect the scattered light from the sea. We have
availabie for comparison a 9"x24" plastic Fresnel lens, a 6" achromat, and
1 10" apochromat). An optical train must be bHuilt to carry the light to
the Fabry-Perot intarferometer. The interverometer itself, which is already
in the laboratory, must be adjusted and mountad. A <ripnle mirror ('Fafnir’
in Fig. ¥1.6) divides the spectrum into three €.M.:. model 295338 ochoto-
multipliers, as shown 2'so in Fig. V[.5. These shotomul tipliars 4s well
as their nower supplies are already in our laboratory, Sut *hey must oe
nounted in nlace.

The signals from fthe onototubes will te amplifiad Sy tnrae Tozel 122¢

Taledyne 2hilsrick  FI7 operaticnal ampliiars, and sneir autsut ‘24 Tnrougn

3
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3 chanrels of an 3-channel data acquisition "Hyorid Systems model DAS40Q"
into a Nova 800 computer. The amplifiers, 8 channel system, and computer
are already in our laboratory.

The raw data will be available in a magnetic tape dump, but the 12
kiloword memory of the computer will allow quite complex processing in
real time and the resulting temperatures and turbidities will be available

on an ASR33 Teletype, also in our laboratory.
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IX. Implementation Plan.

A. Bistatic Experiment.

Although the ultimate airborne system will be monostatic, with essentjally

parallel laser and scattered-light beams, the next pnase of this work will be
bistatic (see flow chart, Fig. IX.1), with separated sending and receiving
locations. The reasons for using this intermediate step are twofold:

1) The budget for the period March 1, 1976 - February 28, 1977 was cut -
from the requested level of about $100,C00 to $50,000. This meant that the
amount to be spent had to be greatly reduced, and that the experiment will be
based on materials already on hand or borrowed, or on surplus equipment.
Accordingly, we plan to use a continuous argon-ion laser borrowed from the
Navy, and electronics already in our Laboratory. This necessitates a Distatic
system.

2) 1t is probable that even without the budget cut, we would have initially
used a bistatic method. This is because it is simpler in execution than the
monostatic system. Temperature and turbidity information at depth have never
been obtained by laser peams in the cpen, and it is best to vegin with the
simplest possible configuration. The vital thing i3 the demonstration that
practical laser beams in the sea can indeed genmerate the Brillouin, Raman,
and Tyndall scactering in intensities sufficient to be useful.

This can be demonstrated as well with the distatic experiment oianned
for the next phase as with the considerabiy more complicated mcnostatic methed.
The develooment of the systems through bistatic, seabcrne monostatic, and
airborne is shown schematically in Figure IX,2.

3. How the Monostatic Method Cevelcps from the 3istatic.

For airhorne measurements the effect af “he sea surtace can e minimized

=

5y 4tilizing the same optical patn for downgoing and upcoming seams. Tnis Teans

that time of fligat, ratner than the angi2, is used for deotn inforTation. Since
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one location is used for projecting the downgoing beam and recsiving the
upcoming beam, this is called a monostatic system.

The physical principle, however, with the exception of the depth
measurement, 1S exactly the same with the monostatic as with the bistatic
method. B8rillouin scattering is used for obtaining ;he speed of sound in
exactly the same way. A combination of Tyndall and 3rillouin scattaring is
used to obtain the turbidity, and finally the Raman scattering is used in
the same way to measure tne salinity. Only the denth measursments diffar,
angles being used with the bistatic system and time gates being used with the
monostatic method. Since the principle of the axperiment is almost identical,
she monostatic seaborne grogram follows logically from the bistatic orogram
and orepares directly for the airborne work %o Tollow.

There will, however, >e equipment changes, as ex2lained above. Since
depth information is to be obtained by tne time delay zetween tne downgoing
laser and returning scattered light, a pulsed laser or 2 modulator for tne
laser beam will be necessary. A fast 2lectronic receiving and recording
system will also be necessary. All these components are now available from
commercial 2stablisnments. Pulsad lasers and modulatdrs nhave long tean in
use, (in fact a pulsed ruby was the first operating laser made) and recently

Tactronix Incorporatad nas Srougnt out a suitadle detactor-recording systam.

C. How the Airngorne Sys+tam Develops “rocm ¢ne “ongs=atic fzanerne System.

The basic requirements of an airborne sysZem are adegquata pcwer, climpaciness,
ligntness, and reliability. In principle, tne sysiem is identizal with tne sez2-
borne monostatic systam.  Therefore, our 2xperiance with the seabderne 3ystan
should orovide crucial information 2a %he znhoice of Zimocnents “ar <rne 1irborne

nt and sampactness ~2quirements fn oan 29roratiy

system. 3ecays2 27 tre wel

4]
P

~e arobably i1l have t£3 tustom-design tne Zower subd.J sactians 2f <ne
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apparatus. The laser itself, together with the receiving and recording

electronics, will probably be identical with or only sligntly modified
from the sea-borne system.

D. Design Differences Between Stages

The design changes through each stage are shown in Figure IX.3, and
the following discussion refers to that figure.

1) The basic method (except depth measurement) is the same throughout.

2) The dispersive element for tiz first and second stages is planned to
be the Fabry-Ferot. This is because a suitable Fabry-Perot interferometer
is already in operation in our Laboratory and has Deen used successfully
in preliminary experiments on the Brilfouin effect itsalf. As explained
elsewhere in this report, however, a tandem Mach-Zehnder is the ideal instru-
ment for the monostatic airborne phase, and it will, therefore, be used at that
point in the program.

3) The optical system will be somewhat different in each pha;;. In the
bistatic configuration, the projecting and coilecting optical systems are
separated by the baseline distance. There must also be & means for changing
the angle between the two beams. The two monostatic configurations will be
almost identical with colinear beams, but because of the more stringent
space and weight requirements in the airborne phase, there will probably be
some redesign called for at that point.

4) The bistatic detector will be a standard high-sensitive photomultiplier,
such as we have already in our Laboratory, since the bistatic signals will be
low-frequency in nature. For the two monostatic phases of the work, a nigh
speed photomultiplier and asscaiated electronics will be used.

5) The power supply for the bistatic phase will be the unit already in our
Laboratory,which was delivered with the RCA argon-ion laser. [n the two
later stages, power supplies for the pulsed laser will be necessary. Although

the same laser is planned for both of the monostatic phases, the space and
94
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weight requirements of the airplane will probably necessitate a special
version of the pulsed laser power supply.

6) The recording system for the bistatic phase is already in the
Laboratory. Since time resolution is not used to measure the depth, the
system is essentially d.c., and the problem is easily solved. In the two
monostatic cases, a very fast recording system is necessary. As mentioned
above, at least one commercially available unit (Tectronix) is available
and suitable, and it will operate both for the seaborne and airborne phases.

7) For the Histatic phase, our plan is to use the RCA two-watt argon ion
laser already in our Laboratory. As discussed elsewhere, a pulsed or modulated
laser will be necessary for the two monostatic phases. We plan to use the
same laser for both the seaborne and airborne monostatic phases to cut down
expense.

£. Cost and Time Estimate of tach Phase.

Because of the continuous development of the state of the art, egpecially
in the areas of powerful pulsed laser and data handling equipment, our
estimates for Experimental Phases II and IIIl (monostatic, seaborne and air-
borne) are considerably less certain than for the first Experimental Stage.
However, it is possible to make rough estimates of the cost of principal
subsystems. These are listed in Table IX.1 and Table IX.2 below.

The time for each phase is now estimated to be one year. See Tables

IX.3 and [X.4.
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TABLE IX.1

TABLE OF VALUE OF COMPONENTS
BISTATIC SYSTEM

Approximate
[ tem Source Value
Laser System Loan from NASA 516,000
Window and Lens System To be purchased and 1,000
constructed
Fabry Perot 100 mm Laboratory 6,000 -
3 EMI 95588 Photomultipliers Laboratory 3,000
and Power Supplies
Operational Amplifier Laboratory 1,000
Teledyne Model 1025
and Power supplies
Data Acquisition System tLaboratory 500
Hybrid DAS400
Nova 800 Minicomputer Laboratory 8,000
with 12 K Memory
Teletype ASR 33 Laboratory 2,000
Magnetic Tape Oump Laboratory 2,000
Trailer for Site To be converted from ' *2,000
surplus
Power cables and To be purchased and built 1,500
connection for site
Total 43,000
of which 38,500

is already on hand




II.

(1.

TABLE IX.2

COST BREAKDOWN {APPROXIMATE) OF ENTIRE PROJECT.

Experimental Phase I March 1976-February

Salaries, Benefits and Indirect Costs

Supplies, Equipment, Reproduction,
Computing and Related Items

Travel and Site Expenses

TOTAL

Experimental Phase Il May 1977-April 1978

Salaries, Benefits and Indirect Costs

Supplies, Equipment, Reproduction,
Computing and Related Items

Travel and Site Expenses

TOTAL
Experimental Phase Il  May 1978-April 1979

Salaries, Benefits and Indirect Costs

Supplies, Equipment, Reproduction,
Computing and Related Items

Travel and Site Expenses

TOTAL

TOTAL FOR THE THREE PHASES

38

1977

$

¢
3

36,000

7,800
6,200

$50,000

60,000

30,000
10,000

e ————

100,000

80,000

60,000
10,000

——————

15¢,000
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$300,000
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X. Summary and Conclusion

A. How the Parameters Are to Be Measured.

As detailed in the Report above, the oceanographic parameters to be
measured are sound, velocity, turbidity, temperature and salinity, all as a
function of depth. The measurement orinciples are shown in Table X.1 for
each phase of the Experimental Program. Note that as far as the princisles
are concerned, there is no difference between the phases except that the
depth measurement in Experimental Phases Il and 111 is by time of flight while
in Phase ! it is by trigonometry.

Of course as we move from Bistatic to monostatic seaborne to airtorne,
the requirements on equipment that must be usad become more and more stringent
in weight, space, and relfability. This means trat the components
are continually increasing in sophistication as we proceed through the
phases.

8. Criteria for Determining Feasibilitv and Acceptability.

In any program where something is to be measured, the accuracy of the
resulting measurement is a primary goal. Accuracy of measurement of the various
parameters in the program is therefore a criterion for feasibility. In the
feasibility study, we found that according to our calculaticns,the accuracy
expected from these methods depends on the length of time of the observations,
the depth of the observations, and the clarit; of the water. The accuracy
also depends on the design of the equipment to be used, and we concluded that
practicable equipment could be assembled which would give useful information.

In order to prove feasibility we should show that the laser probe method
is superior to ather methods for determining the parameters in shallow seas.
This superiority is expected to show itself in the much greater speed with
#hich the observations can be accompiished, as described in the Introduction
to this Report, [f temperature measurements at depth can be made by laser

scattering from a ship or airnlane, 3 very large improvement in information
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gathering capability will have been provided. The accuracy at a single point
cannot match the thermometer method, since thermometers can measure to a
small fraction of a degree, but in the study of the ocean, it is the measure-
ment of temperature gradierts that is important, and here the laser method
can discicse information that the point-by-point thermometric methods would
not obtain, either by providing too coarse a grid or simply by-taking too
long for each observation. Therefore the criterion for acceptance is whether

or not useful data can be gathered by our method that would not have been

obtained by the classical methods.

C. Proof that Raman and 8rillouin Scattering Can Be Measured Remotely.

0f course, the best proof is the actual carrying out of the program.
This we hope and plan to do. In the meantime we must base our judgments on
the best information available. These are listed velow:

1. Theory

The Theory of B8rillouin Scattering is one of the best examples of the

application of the principles of physics. It is described in detail in Chapter

Il of

t

he Detailed Technical Report of our Feasibility Study, NASA CR-139184
dated January 1975, and is developed in Chapter V of this report. This theory
has been checked experimentally in many laboratories over a period of almost
forty years and has been found correct within experimental 2rror. We have
made laboratory studies of Qur own described in the faregoing report
which agree with the theory in every way. The theoretical material relating
to the optical part of the plan is also beyond question. Our own experience
with similar methods (see the publication lists in the Appendix to this
Report) have provided very nigh confidence in our predictions.

As we have stated in the body of this report, the calculations we have made
borne out by our experiments in the Laboratory, show zha*t field measurements

of the oceanic parameters can De made.
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2. Experiments by Others

Many of the elements that make up our Program have been performed in the
field by other groups, for various purposes, greatly adding to our confidence
that all of these measurements can be accomplished together.

a) Depth measurements have been made routinely from aircraft by laser.
Just as in our system, a low-flying airplane was used’.as a platform for a
pulsed laser firing vertically downward. Light scattered from the bottom
was received back in the airplane and the time difference used to measure
depths. Accuracies of at least .5 meter were considered routine, and most
important, the state of the sea (providing that the conditions were reasonable)
seemed to have minimal effect on the accuracy of the observations or the
intensity of the back-scattered light.

b) Raman spectra have been used to measure impurities (oil spills) on
the sea surface by a laser probe from an airplane.’ Here again, the fact
that Raman scattering, which is of the same order of intensity as the 8ril-
louin spectrum we plan to use, can be observed from an aircraft is very
encouraging indeed.

¢) Brillouin scattering has been used routinely in the laboratory for
the measurement of sound speed in liquids. Hare again, the fact that it has
been found desirable to use this method is an indication of its practicability
that argues well for the success of the program.

3. CLonclusion

Thus, our conclusion is based both on theory and experiment, and nothing
we have learned has decreased our confidence in the program. In fact, as each
new result has been obtained, our expectation of success has increased.

D. A Brief Description of the Following Phases of the Program.

1. The next phase will be to orove directly that the R3rillouin scattering

nethod can be used in a practical way to measure temperatures outside the

104
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A

latoratory. A laser wiil be mounted on a barge or dock and its beam will
probe the water to a distance depending on the water clarity at the site.
Because of fund limitations, this may be in the Miami area initially.
Scattered light will be received at a nearby location ard the Brillouin
spectrum analyzed as function of distance. This is the bistatic experiment
: described in detail in the body of the Report. Success here will prove that -
the method is practicable in the field.

2. Tre following phase will employ the time of fiight methad of deter-
mining distance, which is the method that will be used in the final,
airborne phase. The results of the preceding step will be used nere, but
now tie laser is to be pulsed in order to provide time data. Reccrding
instrumentation for this purpose must be added at this point.

3. The final stage is airborne, as described in the body of the Report
(see Figure [.6). Here, the space and weight requirements of an aircraft
will necessitate a certain amount of redesign. Also, the equipment will be
partially automated, and special care will be concentrated on questions of
reliability.

4. At each stage, reports and visits will be used to insure close
cooperation between ‘the Laporatory and NASA. A flow plan for the entire

project is shown in Figure L. 2.
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APPENDIX A

SELECTED REPORTS AND PUBLICATIONS
BY MEMBERS OF THE LABORATORY FOR OPTICS & ASTROPHYSICS

1. "Nine Channel Photoelectric Fabry-Perot Interferometer”, J.G. Hirschberg,
J. Opt. Soc. Am. 50, 514 (1960).

2. “Simple Duochromator for the Measurement of Mass Motion in a Plasma",
© J.G. Hirschberg, Applied Optics 4, 243 (1963).

3. "A Device for Accurately Bending a Light Beam Through Small Angles",
J. G. Hirschberg, Applied Optics 4, 759 (1965).

4. "Etude de la Temperature Doppler dans une Decharge Toroidale a 1'aide d'un
Interferometre Fabry-Perot Multicanal', Peter Platz.et Joseph G. Hirschberg,
Comptes Rendus Acad. Sc. Paris, 261, 1207 (1965).

\
} 5. "A Multichannel Fabry-Perot Interferometer", J.G. Hirschberg and P. Platz,
Applied Optics 4, 1375 (1965).

"Measurements of the Kinetic Tamperature of garium Atoms and Ions in a Schuler
Hollow Cathode Discharge", J.G. 4i{rschoerg, ¢. Opt. Soc. Am. 55, 1573A (1965).
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7. "An Infrared Vacuum Grating - Prism Spectromer”, T.K. McCubbin, Jdr., J.A.
Lowenthal and H.R. Gordon, Applied Cptics, Vol. &, 711 (1965).

8. "The 15-Micron Bands of 6120215", W.R. Gordon and T.K. McCubbin, Jr., Jour. of
Molecular Spectrosccpy, Vol. 18, 73-82 (1965). ‘

9. "“The 2.8 - Micron Bands of 0", H.R. Grodon and T.K. McCubbin, Jour. of
Molecular Spectroscopy, Vol. 19, 137-154 (1966).

10. “"Recant Measurements of the Infrared Spectrum of CO " H.R. Gordon and T.K.
McCubbin, Jr., Bull. Am. Phys. Scc., Vol. 11, 526 (?966).

11. “A Fabry-Parot Ouochromator 3¢ the Measdrement of Small Wavelength Displacements
of Spectral Lines", J.G. Hirschberg and W.I. Fried, Cak Ridge National Laboratory
Report 4019, Physics (1966) and Proc. of 8th Annual Meeting of the Plasma Physics
Divisian, Am. Phys. Soc. (1966).

12. "Anomalously High Ion Temperatures in a Full-lonized Bartum Plasma", N. Rynn,
€. Hinnov and J.G. Hirschterg, Proc. of 8th Arnual Meeting of Plasma Physics
Division, Am. Phys. Soc. (19656).

13. "Recent Developments in the Agplication of the Multichannel Fabry-Perot to Plasma
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APPENDIX B

PROGRAM FOR SEABORNE MONOSTATIC SYSTEM

PRINT “LASER:FOQWER. LAMBDA, W IDTH,PULSE LENGHT"™
INPUT Pl,LLW7,NI ’ T ) b
PRINT C -
PRINT "OBSERVAT ION :HE IGHT ,PUPLL AREA.,SEA SURFACZ FACTOR.L"™,
PRINT "=FFIC IENCY,ANGLE"” ~ ) ) T
INPUT B;A;K1_5K2;T2 -
LET H=18@=H ~ ’
PRINT
PRINT "SINGLE F.P. INSTRUMENT .GIVE F3R.T INESSZ,DAMPING TINE"
GOSU3 " 7538 ’ C T ) . o7
L=T 3l=L
INPUT Fl.,F2,N2
PRINT ) ’
PRINT '"ASSUME SALIN iITY OF WATEA"
INPUT S T -
PRINT
LET T=25
GOSUB 3409
GOSUB 3639
G0su3 8799
Gosus 87449
PRINT "SHIFT AT 25 C IS:"HL
pDiM B(31 ° -7
PRINT "GiIVE THE CHANNEL LIMITS (<6 WAVENUMBERS)"
INPUT 3("3];8(1JJBCZJ;BCJLBCAJJBCSI -
PRINT ) ) : : :
DIM X[81,YL61
LET K3=6Z+l1l=L=PlxKl K2 xA=N2/F2
L=T ad= COS (1l +74533E-2xT2) .
LET Aa=3=(l+AJ*A3)/4
LET A3=3=(13+A3*A3)/43
LET W8aWT+Fl/F2 )
=7 Asalaatlﬁf(--25-‘?2)«--3-13?(--325‘1’2)*-3663*13?(':2/136)
GOSUB 7900 R o . . R
LET K3=K3=Fl/3(51
LET P2=l ’
LET AS=A5/13d9
LET T6= 3
FOR T= 3 TO 449

GOSUB 4ad@dd

I[F (I2-13)<= 3 GOTQ 120

NEXT T

bR INT “T2ROR: Td LARGIR THAN 62 C¥

60Ty a3 -

s INT "SRRAA: T3 SMALLIR THAN 3CU O

GOTO 42 - 0@’0&‘,

LET las(2+13 1b04¢

IF T<3 30T 38 { "40
(zT iSs13-12 g, o
(zT <sald 44!7;.

Go0s3U3 4439



L=T
LET
LET
L=T
FOR

c2=(l12+13-14)/11
Caw(is+I12-13)711
Cl=(Te=1a)2 11"~
T63°3

T«T TO @ STEP =-.i

GOSUB 4J4@@d
IF (13-12+Ca=ll)<= 3 GOTO 155
NEXT T :

FOR

T=T TO 63 STEP .4l

GOSUB 404049
IF (I3-12+Ca=Il)>= 3 GOTO 1359
NEXT T 7 )

LET
L=T
L=T

To=T
CS=Cl=ll/¢12+13=-C2=11)
TaT3+ld 0 )

GOSUB 4344

LT

03318*(13012-C2*11)/(I3-I2¢C4*1;)

PRINT "THE PROCISSING sz
?RINT'"L3T="2C15"II/(£2#13¢";C25"1L)-"5C5
PRINT "T="$T33"¢“§C3}”(I3~12+";CA1"115/(;2*13—

PRINT

PRINT

PRINT "GIVZ ACTUAL VALUES QOF TZnP. SALINITY,TURBIDITY,DEPTH"

INPUT T.3.T6.P2

LET

P2=2l3dd=P2

PRINT
PRINT
GOSUB 43dad

LET
L=T
LET
L=ET
LET
LET
L=T
L=T
L=ET
L=T
L=T
LET
L=T
LET
L=T
L=T

[aa[2+13-C2=11
15=213~-12+C4a=ll

Na= 328 ¢l2+13+C2=C2=I1)
NS= SAR (l2+«i3+Ca=xCqa=ll)
T7=C1x1171a=-C3 -
T5=Cl = 3QR (Il)/ 14
To=Cl=Naxll72la=[4)
TEg=100=> SQR T (TS *TS+TS=TS )W/ T7
TO=nl3I=(TS+T3IW/TT )
T4=C3=N5/ [& i
TS=C3=[S5=Nas (la=14)

~9a 3QR (T4=Ta+T3=TS)
TS53T4+7S’

T4a=T3

T3=T3+CI=1S5/ 14
P3214.9896=(NL+N2)/N

PRINT "THE INSTRUMENT GLVES®

PRINT "CHANNEL'S S 1GNALS oF™,11.,12,13

2P INT "V iS: TEZIMPERATURS QF*"37T3,"INSTZAD OF".T
PRINT "WITH A 2MS SETWEZIN"IT4; “AND",T5:"C" ™
PRINT "AND A TURBIDITY QF " ",TT77"INSTZADCF",T
PRINT "WiIiTH A aMS “SATWEIN"ITS,"AND"LT et
2R INT "AND AN IMPRICISIONTIN 322 TnR7QF 237 0
PRINT ~ ’ T ' - - T

o o, I IS
Gy niad, e AS [
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368 PRINT

369 PRINT

378 GOTQO 34@9

4888 LET Ka=K3» 2XP (A7‘P2)/(<92+L-33*E)¥(P2+l-33*h))
4@38s L=T P=986-665*PZ+1.8132SE¢6' ‘ ’ :
4313 GOSUB 2409 '

4gdls GOsSuUB 8624@

3328 GOSUB B873¢@

4@25 GOSUB 8940

4@38 GOSUB 99dd

4@3s GOSUB 9129

4848 GOSUB 9240

484S GOSUB 9349 : -
4858 GOSUB 8@@d
4955 FQR A=0 TO 2

42643 LET XCQl= 3

4363 FOR U2=B(2=Q] TO BC2xi+ll STEP .901
4379 GOSUB 9549

437S LET XCR)laXCLAl+.38L1 UL

4388 NEXT U2

4385 NEXT 4

4398 LET Ll=Ka=XC @1

ag9s LET l2=Ka=X(l]

41338 L=T [3aKaxX(21]

4132 PRINT "' -
4185 RETURN ~

7533 LET C9=4.18E+T

7585 L=T 79=L’

7514 L=T U=.38

7515 LET X=552909¢

7528 L=ZT G=.d2

7522 LET D=.08d840153

7525 RETURN'

7988 LET A7s-.30634-8-6E-Lax<L-4553)xcL-assa)

7913 RETURN o o T

8g3@ LET T1=T+273.16

83@8S LST R6=NaTl»Dl/ (L=L)

8313 LET'36=R6*R6t42565643*18/(RZtC9)

8@1s LET 86 =(R@*C9xD2-D1 =Al »T 1) =N/ (L=L)

8328 LET 56=86‘86t4.565643*15*71/ZKC9*RG-EX-AL-AL!TL)taﬂlC9)
8925 LET 36=N=D3/(L=L) ' T : o

8338 L=T 56256 258385 4GE+13%S/F9

8335 L=T A6=l3»U=(RE+36+56)/ (6=T=U)

g3ad L=T A2=3394.7=N= SIN (B.7266E-3xT2)/L

834S LEIT VadaWg+Ksa2=A2/ (R3%CS) ) :

8@sg L=7T WlaW8+GxA2=A2/ (2%R3)

8gss L=T woaWwg+D=A2=A2 " ’

8368 LT V3aWg+.Jdl832=Tl

8365 LET rl=l.62924E-<=V*A2

8373 RETURN '

8483 R=M SPEEZD OF SOUND(V) IN SZAWATZIR AS V(L. T.?)
8420 v4=1492.3% ; . o

LZT

w
)
(V%)
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ga2s L=T US=(S.31139)=T

8a3@ LET US aUS =(5 «587472-2) »T T

8435 LET V5305412}21536£*4)*T*T*T

gaagd LET V68(l-32952)$5*(1860)

g8a4s LET V68V6+((1-289565-4)*5*5'(13‘6))

84540 LE=T V7=(.155659)¥P/(9.815+6)"

g84ss LET V7=U7¢((2-4A9993-5)*P*P/(9-815*6'2))

8468 LT U7-U7-K(8Q83392E;9)*P*PiP/(9.813*6f3))
8465 LET VS’-(I2275638-2)#?*5*(13@@)

8473 L=T VSSVE*((6o351922-3)¥TiP/(9-812*6))

g8a7s LET V8=U8¥((2?654852;8)*T*TiF*P/(9}8l£¢6f2))
gas8g L=T V8=V8;YYLQ59349E;6)*T*P*P/(9?815*6?2))
ga8s L&T V8=V8¥(25}221162F18)*T*P*PiPV(9.813*6?3))
8498 LET VS=U8-(ZAIJS@3LE37)*T*T'T‘P/l9-815+6))
8495 LET V8=V8;zfl-61674559)*S*S*P*P7I981372))
g8s3da LT VS’US*((9)68&G3E;5)*T*T*S*(Iaﬁﬂ))

8535 LIT VS=V8+(YQ]8564£-6:*T*S*S!P?(9.31))

8518 LT V8=V8-(T3k485973-a)xT*S*P/Z?Blﬁ))

gsis L=T V=V4*VS¥V6+V7*V8' o '

8s17 LET v=U=(l3@)

8528 RETURN i

8649 REM DENSITY(S:TaP)~-RG(SaT;?)

ge2¢ LET RB’((2o996E*9*P5/(2.9353+9¥l-31363’6))?.1368
8625 LZT R =HE=.998492* EXP (S=.697363) ’ '
8638 L=T RB$RZ!}999973¥o999875 ) '

8645 L=T Rﬂﬂaﬂ/(L-(6-427E-5)*T+(8o5653E-6)‘T*T-(6s795-8)*TtT¥T)
3648 RETURN ARSI .. A N o A
8783 REM INDEX(SJTI?JL)--N(SJTJPiL)
§728 L=T N=L*L¥.32427/(L*L-K952268?2)5 T

g§725 L=T N-N*(oGGGGGI)h(26;386tT)*S

8738 L=T N=N=x(RT.372)» EXP ((=T.39E~-35)=T)

8732 LET N=N+1 ’ T o

8735 RETURN

8888 REM DERIVATIVE SUBROUTINZ
3881 REM NEEDS X{1-5) AND Y{l-5)
g§8@2 REM SLOPE RETURNED AS 39
g8@9s L=T Q3= 3 )

gglad LT Aa= 13

3815 LIT aAs= 3

g§823 L=T Q6= 0

8825 FOR Q=L TO 5

83838 LET Q3=Q3+XCQ1l

883s LET Q4=Qa+Y(Ql

ggad LET QS53Q5+XC3I=YCL]

82as LET Q6=Q6+XCa1=X(3]

38%3 NEXT 13

ggss L=T Q9-(5‘Q5-Q3'Q4)/(5!Q6~Q3i§3>

8868 RETURN ' T '

8984 REM TVALUATES D3=(DN/DS) AT CONSTANT T.7?
3985 L=T YC 31=N ) ) ’
8913 LET X{ d1=S

8912 LT X(61=R0
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g91s FOR Q=L TO S

8928 LET SaXL B1+<@-3)%(.302)

8522 Gosus 8638 =

8925 GosSUB 8733

8930 LET X(Q1=S

893S LET YC(al=N

8948 NEXT Q i

8945 GOSUB 83@6

g§9s@ LET D3=Q9

3955 LET N=YU 31

8968 LT S=XC 81

8965 LET R@=X(6]

8993 RETURN

9@6@ hEM SVALUATES D2=(DN/DP) AT CONSTANT T.3
9@@85 LET YU a3l=N - :
$313 LET XC 31=P

9@12 LIT X[61=R8

$gls FOR Q=1 TO §

59423 LET P=X[ 31+¢Q=-3)=ClZ+3)
9@22 GOSUB 8688 =~ o
9425 GosuB 8799

94343 LET X[Q1=P

943S =T Y(al=N

| $384@ NEXT Q

| $@4S GOSusS 88egd

9@sa L=T D2=]9

$@ss LET N=YC a1

9363 L=ET P=XL 31

9665 L=T RO=XL61

9398 RETURN

9188 REM SVALUATES DL=(DN/DT) AT CONSTANT P.S
91@S L=T YL 31=N T ’
$11@¢ L=ET XL 31=T

3112 L=T X{s1=R3

9115 FOR 2=l TO S

9128 LET T=X[ 31+<Q=-3)=(1l)
9122 G0SUB  86d@ T o
s12S GOSUB 373¢

9139 LET X{31=T

913§ LET Y{QI=N

914@ NEXT Q

9145 GOSUB 38a3d

915@ LET DL=Q9

$155 L=T N=YC 31

9163 LET T=X[{ 41

9165 LET Re=X(61]

9199 RETURN

9288 REM TVALUATES Al=-(DR2/DT)I/ PRI
9285 L=T YL 31=FR3 t : ’
9213 LET XL 31=T

9215 FOR A= TJI S

9223 LET TEX( 31+¢A-3)=C(L)

e e ———y




9225 GOSUB 8698 .
9259 LET XL{Q1sT
9238 LET YC(QJ1=R3

9243 NEXT Q

9245 GOSUB 88dd

9253 LET Al=-49/R8

$255 LT R@=Y( 31

9268 LET T=XL 41

$298 RETUEN

9388 REM TVALUATES 31=(DRE/DP)/33
$93@5 LET YC 31=R3 ST i o
9313 LET XC 31=P

$31s FOR Q@=L TO0 3

9329 LET P=XL 31+(QA=3)=(12+6)
9325 Gosus géad T
6339 LET XLQl=P
933S LET YC(Ql=R93

9348 NEXT Q

9345 GOSUB 28049

$3s@ L=T 31=49/79

9355 LT RE=YC 31

936@ L=T P=xL 37

9393 RETURN

9483 REM CALCULATES INTENSITYVL)

94gs5s L=T vx=<w1:u1>+<4s<v2-51>i<v2-ﬁf>>”

%413 LET v3=(v1:w1>+14xzv2+al):KV2+HL)>

sals LET v1=56-w1#(c!/v1)+tx/v35>/a ‘

9428 L=T v1=vx¢<56¥waicvz:u2¥a*v23v2>)+<as*we/<waxue+a:v2:v2>)
$a33 LET V3=A6*Q3/<V3i03+4:U2*U2) a o ’
sasad L&T VL=VL¥A4¥Q3*A3*16~V8*AS/(Ua*ws*AtUZtva)
9453 RETURN R ’ '

$s3@ LT Ui= 3

9585 FOR A3=L TO 3

9sSld LET V2sy2+(a3-2)*Fl
951s GoSUs 9488
9528 LET Ul=ULl+Vl

9525 NEXT Q3
9538 RETURN
9599 END
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