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ERROR ANALYSIS OF INTERFEROMETRY IN
MEASUREMENT OF FORWARD SCATTER

IN SEAWATER

I. INTRODUCTION

The study presented here is an analysis of the feasibility and

errors involved in measuring the volume scattering function 3(0) in

the forward direction (0=00) using interferometric techniques. These

techniques have not been previously employed in light scatter experi-

ments primarily because of the lack of a suitable light source. With

the advent of the laser source, with its extremely monochromatic

and coherent characteristics, a study of the application of interfer-

ometry to scatter experiments is suggested as a means of extending

our knowledge of the scattering properties of seawater. Such knowl-

edge is highly important to oceanographers, not only in respect to

their study of life in the sea, but also to their visual exploration of

the oceans.

Due to the long time and high costs involved in constructing

the interferometric experiment, it was suggested that a complete

examination of the techniques and errors of scatter interferometry

is in order. The results of this study are therefore intended as

guidelines to the actual measurement of light scatter in seawater

using interferometry.
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The Volume Scattering Function

The volume scattering function 13(0) is defined by the equation

J(0)
13(0)- HV

1. 1)

where J(0) is the intensity of light scattered in the direction 0, and

H is the intensity of light incident on the scattering volume V. Fig

ure 1. 1 shows the typical scatter geometry and the device with which

it is usually measured. Such devices, called nephalometers, have

been used in oceanographic studies for many years. A graph of 13(0)

as a function of 0 for a typical seawater is included in Figure 1. 2.

It should be noted that values of 13(0) for 100> 0 _ 00 and 170° <0 180°

are not shown and are not yet available.

Some of the first measurements of the volume scattering func

tion 13(0) were made by Ramanathan (1923). His results indicated

that the predominant scatterers are large in comparison with the

wavelength of light. He also showed that the backscatter of light in

seawater approaches that of light in fresh water. This indicates

that the larger particles contribute relatively little backscattered

light.

More recently, measurements of the volume scattering func-

tion 13(0) have been made by Sasaki (1960), Jerlov (1961), Tyler

(1961), and Duntler (1963). However, such measurements are
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incomplete in that no measurement has been made of (0 It is

seen from Figure 1. 1 that when the photomultiplier tube is placed at

an angle of 0 ° with the main beam, it reads both the unscattered

incident light and the light scattered in the forward direction. Since

the intensity of the light scattered in the forward direction is very

small compared to that of the main beam, it is not distinguishable

from the unscattered light by ordinary means.

For a given type of scatterer the total scattered light intensity

is proportional to the total surface area of all of the scatterers in a

given scattering volume if the diameter of each particle is greater

than Zii.(Jerlov, 1955, Figure 1). For different types of scatterers

the proportionality constant changes over a large range (Jerlov,

1955, Table 4).

By using 13(900) and the degree of polarization, p, at 900,

Ivanoff, Jerlov and Waterman (1961) were able to characterize van-

ous water types. They found that 13(90°) is proportional to the total

particle suxface and largely independent of the particle form or dimen-

sions; whereas p depends upon their shape and size, and is relatively

independent of the total surface area.

Jenkins and Bowen (1946), and Atkins and Poole (1952) found

that most of the incident light is scattered by particles whose diame-

ters are of the same order or are larger than the wavelength of the

incident light. They also found that most of the forward scattering



is due to many rather large, transparent particles witli radii greater

than 11j.. One of the most important reasons for measuring t3(0) at

small values of 0 is due to the relative importance of 3(0 in the

computation of the total scattering coefficient.

Total Scattering Coefficient

The total scattering coefficient, b, is defined as

b = Z1TçP(e) sinede. 1. 2)

The value of b is very much dependent on 3(0) from 0 = 0 ° to 10 0,

and these are the values for which 3 is least known. In fact i(0)

from 0= 0° to 0= 50 has never been measured. Jerlov (1961, page

11) says

the integration (to find b) necessitates a rather
delicate extrapolation of 3(0) from 100 to 0° and another
from 165° to 180° which is readily made. The extension
of the curve from 10° to 0° as suggested in Figure 6
[in this paper, Figure 1. 2] is subject to uncertainty which
may cause some error in b. It must be considered as an
urgent task to furnish experimental evidence for scat-
tering at low angles.

Spilhaus (1965) came the closest to finding P (00); he used a

narrow beam laser as a light source, and was able to make scattered

light intensity measurements at an angle of less than 5 °. His main

interest was the identification of the predominant size of the scat-

terers of various water samples, and he devised various statistical
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techniques to process his data.

In light of the above necessity of knowing (0) for small values

of B , a technique has been developed that proposes to measure

p(O°) using an interferometer with a laser light source. This study

examines the feasibility and inherent accuracy of the proposed

techniques.



II. A METHOD PROPOSED TO FIND f3(0 0)

It has been shown that the standard nephalometric method of

measuring off-axis scattered light cannot be employed in the study

of on-axis scatter. In order to ascertain the volume scattering

coefficient for 0 = 0 0 an interforometric method is proposed.

Interferometry in Scatter Measurements

Interference due to the superposition of light waves has been

observed for centuries. Thomas Young first demonstrated this

phenomenon in 1802 and stated his rrprinciple of superposition. 'I

Certain basic conditions are necessary in order that maximum

interference take place between two light waves:

a) the two light waves must be colinear in path,

b) the planes of oscillation of the two waves must be parallel,

and,

c) the length of one of the waves must be completely over-

lapped by that of the other wave.

The interferometer has been a laboratory tool used mainly as

a very precise length-measuring device. The Michelson interCer-

ometer (Figure 2. 1) is one of the most accurate of the many differ-

ent types of interferometers. Figure 2. 8 is an example of a

Michelson interferometer in which the use of various auxiliary
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optical components allows two different interferometric schemes,

set-up A and set-up B, to be used. The basic parts of this interfer-

ometer are the light source,beam-splitter, reflection prisms, and

the photodetector. The other components are dealt with in later

sections.

The design of the Michelson interferometer is based upon a

division of the electromagnetic wave front into two parts and their

subsequent recombination. It requires monochromatic, parallel,

and spacially coherent radiation for optimum performance. In

order to maintain a consistent interference pattern when the two

optical paths of the divided wave front are unequal, an invariant

phase and amplitude relationship must exist between successive

wave packets. These conditions are at best only partially satisfied

by conventional light sources.

Conventional Light Sources

Conventional light sources are at best only approximations to

the interferometric source requirements stated in the previous

section.

The Non-monochromicity of Conventional Light Sources

Conventional sources, even with filters, are not monochrom-

atic: a mercury vapor discharge lamp, for instance, has a
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wavelength spread X of about 0. 005 A about a center wavelength

of 5461 A (Jenkins and White, 1957). The mercury light is one

of the most frequently used conventional sources for interferometry.

With a wavelength spread of 0. 005 A, the wavelengths on the

outer edges of this spread are 1800 out of phase with each other

after traveling only 546, 100 wavelengths or about ten inches. This

causes them to destructively interfere with each other. As the waves

travel even further from the source, waves having a X < 0. 005 A

destructively interfere. So when this light is used in an interfer-

ometer, the bright fringes dim and lose contrast as the distance

from the source increases. Thus, a constant dark-to-light fringe

intensity ratio is not possible to maintain upon moving either of the

interferometric arms.

If the optical paths of the two arms are not equal, even less

fringe contrast results. In this case complete destructive interfer-

ence becomes impossible. In general if the light is not monochrom-

atic (assuming no wavelength spread) when the two divided wave-

fronts of a given wavelength recombine with a certain phase rela-

tionship, two divided wavefronts of a different wavelength will recom-

bine with a phase relationship that is not the same.

The Incoherency of Conventional Light Sources

Conventional light sources are atbestcoherentfor onlyvery short
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periods of time. They produce relatively short wave packets, and

because of their general lack of spacial coherency, require that the

interferometric optical path lengths be equal. It is easily seen from

Figure 2. 2 that if 2 AD is greater than the length of the incident wave

packet, no interference will take place. Even if 2 AD is less than

the length of the packet, interference takes place only between those

portions of the two waves that overlap. Only if the two packets

are very long and are very close to being completely overlapping can

complete destructive interference take place. Since for a mercury

vapor discharge lamp, these wave packets are only 20 inches long

(Jenkins and White, 1957), the greater the distance AD, the smaller

is the amount of recombination possible.

The 'Ttails' left in Figure 2.3 combine with other packets, but

the other wave packets in general are not in phase with that packet

from which a given "tail' was divided, since conventional light

sources are at best only partially coherent. The constant phase

shifting between successive wave packets does not allow a proper

recombination of these "tails" with respect to phases So only if the

optical paths No. 1 and No. 2 shown in Figure 2. 2 are nearly equal,

will a conventional source produce fairly usable fringes. In the

measure of scatter as proposed herein, "fair" fringe contrast is

not sufficient (Chapter V) Furthermore, with so many optical

components in the interferometric paths (especially the seawater
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which have traveled unequal interferometric paths.
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itself) it becomes very unlikely that equal path lengths can be easily

obtained.

If complete spacial coherency were attainable, the phases of

all incoming wave packets would be the same. No matter what path

difference, 2 AD, or wave packet length existed in this light, all of

the wave packets in path No. 1 would be in phase. A similar situa-

tion would exist in path No. 2. Thus a constant phase relationship

between different wave packets on the same optical path would be

present. Infinite wave packet lengths would no longer be necessary

to obtain 'tfine" interferometry as long as the source intensity re-

mained constant and uniform.

The Non-parallelicity of Conventional Light Sources

Conventional light sources radiate light in spherical patterns

from each of a multitude of radiators, usually spread over a finite

length or volume. Certainly if a small aperture were placed far

enough away from the source, the light passing through it would ap

proach parallelicity. But, the geometrical attenuation of the source

output energy would be prohibitive. A converging lens can be used

fairly close to a point light source in order to intercept more energy

than a distant aperture. If the light is placed at the focal length of

the lens, the light is made parallel (assuming no lens aberrations).

But a conventional source has a finite filament or discharge tube
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length which again makes it a point source only if it is placed a long

distance from the observer. If an aperture is used along with a lens,

diffraction enters the picture, introducing interference patterns.

It is therefore necessary to use a light source superior to the

conventional light sources in order that sharper, more contrasting

interferometric fringes be produced.

Laser Sources

It was demonstrated in the preceding section that conventional

light sources are less than ideal for interferometry. On the other

hand, the latest continuous wave, uniphase, single mode lasers pro-

duce light that is monochromatic, uniphase, spacially coherent, and

parallel. McNish (1964), Spectro-Physics Bulletins No. 's 1, 2, 3,

and 4, Schawlow (1961), and Vogel and Dulberger (1961) present

general pictures of laser theory. If more theoretical information

is required by the reader, Kikuchi and Stroke (1965) is an excellent

source.

The laser model suggested as applicable to this study is a

helium-neon (He-Ne) gas laser with a power output of 100 micro-

watts, a light wavelength of 6328. 1983 A in air at 20°C (760 mm Hg),

and an output frequency deviation from the center of the Ne2° emis-

sion line of ± 1 MC /day (assuming an ambient temperature fluctuation

of ± one degree centigrade). This implies that the emitted wavelength
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is 6328. 1983 ± 1.27>< lO A. This is obviously a very stable

monochromatic beam. The previous specifications are available on

the Model 119 Data Sheet of the Spectra-Physics Corp.

The divergence from parallelicity of a good laser beam is less

than 0. 3 milliradians (0. 0171 if used with a collimating telescope.

This is much better than could be expected from a conventional

source.

Thus, for the finest accuracy in interferornetry, a uniphase,

continuous wave, single mode laser is suggested. The single mode

(axial mode) is a very important property for an interferometric

laser to have. Most lasers have several resonance modes within

the Doppler width of a single emission line, as shown in Figure 2. 4.

Even if only two of the modes were present in the output spectrum of

a laser, they would be 1800 out of phase with each other after travel-

ing only a distance of about 20 cm. This shows that a unimode laser

is most desirable for interferometry, and mandatory if the optical

path lengths are not nearly equal. The following section demon-

strates theoretically why interferometry can be used to obtain forward

scatter.

Mie Scattering Theory

Mie scattering theory is the most general scattering theory

at present dealing with spherical scattering particles. The Rayleigh
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Figure 2. 4: Resonant modes within an atomic emission line of I A° width
[from Kilcuchi and Stroke (1965), Figure 2. 4] from a iar
source

o = angle between the scattering axis
x and the observer o.

E. = incident light (polarized in the
/ plane of the paper)

Figure 2. 5: Notation for the scattering of incident polarized light by a sphere



and geometrical scattering theories are simply limiting cases of

Mie theory (i. e. when the particles are very small or large com-

pared to the wavelength of the incident light). As was stated in

Chapter 1, the greatest intensity of scattering by seawater is due

to particles greater in diameter than 1i. These particles are too

large to be considered Rayleigh scatterers, whose radii must be

less than one-tenth of the wavelength, and too small to be treated

by diffraction theory. So, rigorous Mie theory has been applied

to the seawater scattering of light.

Light having any degree of polarization may be described as

being composed of the mutually perpendicular electromagnetic field

vectors, and . represents the vector sum of those
s(I$) s(J..) s(II)

components of the light field scattered by the particle, Figure 2. 5,

which lie in the plane formed by the scattering axis and the incident

light vector E.. Call this the plane of polarization of the incident

light.
(I)

represents the sum of those components of the field of

the scattered light which lie perpendicular to the plane of polariza-

tion of the incident light.

According to Mie theory, when incident plane-polarized light

is scattered by spherical particles, it is depolarized to varying

degrees, depending upon the size and shape.of the particles, their

index of refraction relative to the medium, and the angle of obser-

vation Oas shown in Figure 2.5. Spherical particles will theoretically
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scatter light in the forward direction (0= 0 with a phase shift 6

with respect to the phase of the incident light. The phase shift, 6,

depends primarily on the size and index of refraction of the particles.

Also, the parallel polarization component Es(II) exists, whereas

the perpendicular polarization component E(1) does riot exist when

0 0° (Van de Huist, 1957). Non-spherical particles may also

cause scatter having undergone a phase change 6 0°. However, Mie

theory does not pertain in the case of non-spherical scatterers. As

a result, deviations from the above spherical particle scattering

properties can be thought of as a qualitative measure of the non-

sphericity of the scatterers; i. e., if E(JJ exists, then non-

spherical particles exist, and seawater scattering of light can no

longer be arbitrarily assumed to behave like Mie scatter.

Distinguishing Various Types of Particles

Suppose that there are three types of particles which contribute

most of the forward scattering. If these particles are of three differ-

ings sizes, shapes. and substances, they will in general each exhibit

scatter of a unique phase change 6.. If one adds the scattered light

vectors, using only the parallel components, the identity of each type

of scatter will be masked by the contributing scatter from the other

kinds of particles (Figure 2. 6).

The scattered light resulting from this arbitrary addition Cf
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Figure 2. 6: Radiation vector addition
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with 0 components)
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Figure 2. 7: Resultant vector due to the addition of the scattered and
unscattered light
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waves can be thought of as having a resultant amplitude R' with
a phase change 8R ER is the only one of these vectors that will

be instrumentally distinguishable. By filtering first the largest

particles and then gradually decreasing the filter size, the specific

characteristics of the scatter resulting from the absence of each

size group can be determined. One can thus infer the contributions

by any one size group to the total scatter.

Separating the Unscattered Light from
that Light Scattered Forward (&00)

Let E be that light vector which is unscattered, but which
U. S.

has traversed the scattering medium. Let E b. be that light vector

traversing path No. 1 in the interferometer. This light beam is re-

ferred to as the control beam (Figure 2.7).

The immediate problem is to separate the field contribution

due to E from that of E . In this case, F >> F
s(lI) U.S. U.S. s(lI)

and will tend to dominate.

From Figure 2.7 it is seen that if the control beam Eb were

adjusted in phase and intensity for total destructive interference with

its phase would be 1800 out of phase with E , and its
U.S. U.S.

amplitude would be equal to that of E . If the above destructive

interference phase relationship exists and is not equal to

call this destructive interference, but not total destructivec. b.
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interference. The straightforward interferometric method only

allows one to set the phase of the control beam vector 1800 out of

phase with the vector resultant ( + E . A roundaboutu.s. s(H)

method must be used in order to set the phase of 180° out

of phase with E alone.
U. 5,

Adjusting E b to Obtain Destructive

Interference wit:h E
U. S.

In order to set the phase of Ecb 180° out of phase with

a volume of seawater is separated into two parts, one of

which is very finely filtered. This removes the dominant scatterers,

but the filtered seawater retains the index of refraction of the unfil-

tered part. According to Clark and James (1939), open ocean sea-

w ate:r may be Berkfeld filtered to a point at which light attenuation

by this sample is nearly identical to that of double-distilled water.

Thus, almost all particulate matter can be removed. Only unscat-

tered and Rayleigh scattered light due to molecules and bacteria-

sized particles are now present. Since particles of this size cause

no phase change in the light scattered in the forward direction, and

its scattered intensity is negligible with respect to the intensity of

the unscattered beam,

+ 1. . 2.1)
u. S. s(II )J filtered u. s. (filtered)
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In order to set the control beam so that it will be 1800 out of

phase with Eu.s. (unfiltered)' it is set 180° out of phase with

s. (filtered) since the phase of these two vectors are the same.

This is accomplished by placing the filtered seawater in the seawater

vessel in set-up A of Figure 2.8 and varying the current in the piezo-

electric crystal. This crystal very minutely changes the length of

the control beam path, altering the phase of
. b. The phase is

adjusted until an intensity minimum, corresponding to destructive

interference, is read on the photodetctor. This process has placed

and EE 180° out of phase with EU. s. (unfiltered) u.s. (filtered)c. b.
In order to obtain the amplitude of E (filtered)' it is neces-

U. S.

sary to now rotate the Glan-Thompson prism polarizer to attenuate

the control beam to the point at which an absolute minimum is read

on the photodetector. This fulfills the conditions necessary for

total destructive interference. At this point E
Iu. s. (filtered)

equals E b and by blocking of the scattering path (No. 2)

IEc. b, I

2 can be read directly on the photodetector.

When total destructive interference takes place for the filtered

water, the intensity reading of the photodetector is due to Rayleigh

and optical component scatter, called 's(jI)'(filteredY The removal

of this noise quantity from the purely particulate scatter intensity

is treated in a later section.
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The Total Destructive Interference
withc, b. u. s. (unfiltered)

After replacing the filtered water with the unfiltered seawater,

the control beam remains 1800 out of phase with u, s, (unfiltered)
To obtain total destructive interference of E withii. s. (unfiltered)

the arnpltitude of the control beam is adjusted so as to produce

an absolute intensity minimum level on the photodetector. The intens

ity of the control beam itself is known at this point, for it can be meas-

ured on the photodetector by simply blocking off the scattering path

(No. 2). Thus, for apparatus set-upA,

E = + Cos 6 ] (unfiltered)'c.b. L u.s. s(Ii) (ii)
as seen from Figure 2. 7. In terms of intensity,

2 12OdE +E Cosöc,b. u.s. s(II) (II) I (unfiltered) 1E I 2.2)
I c.b.l

The intensity minimum value on the photodetector when equation 2. 2
12is fulfilled is equal to that of IE sin 6 I

() r.m.

There is no practical way of determining E Cos 6
s(II) (J)

separately from E so since they are indistinguish-u. s. (unfiltered)'
shall be called E a-able, E Cos 6 + E S. (unfiltered) u. s.s($j) (II)

edEE sin 6 shall be call Therefore 6 90°.
s(fl)s(I) (II) s(fl)1

Equation 2, 2 then becomes

'c.b. 1u.s. 2.3)



1. contains scattered intensity from Rayleigh particles in

the unfiltered seawater and from optical components, as well as

containing the scattered intensity from the particulate matter in the

seawater. The following section proposes a method to separate the

particulate-scattered light intensity of seawater from the Rayleigh

and optical component scattered intensity.

Correction for Optical Component
Scatter and Rayleigh Scatter

The primary reason for separating the seawater particulate

scatter from Rayleigh and component scatter is for the comparison

of the resultant data with Mie theory.

According to Burt (1955) the relative index of refraction m

for the scatterers in seawater averages about 1. 15. The relative

index of refraction is the ratio of the index of refraction of the scat-

terer to that of the medium (seawater). Jerlov (1961) estimated

from his curves of the volume scattering angle 0 that the average

particle size of offshore seawater is around lOji. He found by corn-

paring his own nephalometric scattering curves to those of various

theoretically computed Mie scattering curves, that his curves most

closely paralleled the Mie curves for m = 1. 20 and r = 3 x io6

meters (Mie curves were worked out by Ashley and Cobb (1958).

Since light scattered by water molecules and any particles
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small enough to pass through a Berkfeld No. 5 filter, is scattered

essentially by Rayleigh scatterers (radii < 0. 1X), it is negligible corn-

pared to that of seawater particulate scatter in the forward direction.

As a particle increases in size, its scatter becomes more intense

in a predominantly forward direction. Figure 2. 9 illustrates the

importance of particle size in the scattering of light. The following

three paragraphs of quotation help to define the quantities found in

Figure 2,9 as stated by Ashley and Cobb (1958):

The intensity functions, i1 and i , which are proportional
to the intensities of the two incoerent, plane-polarized
components of light scattered by a single illuminated par-
ticle, were evaluated for angles of observation from 00

to 1700 in ten-degree intervals, and from 171 0 to 1800
in one degree intervals.

When the particle is illuminated by plane-polarized light
of unit intensity per unit cross-sectional beam area,
(X2/4rr 2)i1 is the intensity of the scattered component
whose electric vector is perpendicular to the electric
vector of the incident beam; (X2/4i 2)i2 is the intensity
of the scattered component whose electric vector is
parallel to the plane of the electric vector of the incident
beam and its direction of propagation.

When the particle is illuminated by unpolarized light of
unit intensity per unit beam cross-sectional area, (X2/
8n 2)i1 is the intensity (per unit solid angle) of the scat-
tered component whose electric vector is perpendicular
to the plane of observations; (X2/8rr 2)i2 is the intensity of
the scattered component whose electric vector is parallel
to the plane of observation.

The definitions of i1 and i2 follow that of Mie theory and can be

found in Born and Wolfe (1959) or Van de Hulst (1957). In the forward

direction i2 0, so i1 /2 = + i2)/2. For angles other than 00 Figure
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1

a-1.0
V 1

scale unit
Rayleigh - like scattering

(L=30 l<2.5x106 >1

scale unit

Mie scattering

+ '2Figure 2. 9: Polar plots of total scattered light intensity,
2 ] , for

single particles (m1. 20) illuminated by unpolarized light
[ from Ashley and Cobb, 1958, page 267].
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2. 9 represents an average of i1 and i2.

From Figure 2. 9 it is seen that not only does a larger particle

intercept and scatter a much larger amount of light than does a

Rayleigh-like scatterer, but the resulting scattered light intensity

is very predominantly in the forward direction as compared to the

nearly uniform distribution of intensity with respect to scattering

angle of the Rayleigh scatterer.

Nevertheless, if I ' is subtracted from I /
s(II).(filtered) s(I1)(unfiltere3$

the effects of Rayleigh and optical component scatter will be subtract-

ed out, leaving only the intensity of the light scattered by the particu-

late matter in seawater.
Intensity in the incident
plane of polarization due

s(fl)'(unfiltered) s(fl) '(filtered) only to the scattering of 2.4)
light by seawater parti-
cles

A different technique is necessary in order to determine the

perpendicular polarization component if it exists.

Determining s(±)

In apparatus set-up A, the control beam is used to destructively

interfere with E . In apparatus set-up B, the unscattered vector

F is blocked by the polarizer, so that the function of the control

beam is primarily that of determining the phase shift 6(1) of the

scattered light. E is blocked by rotating the polarizer in the
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scattering path until its plane of transmission is perpendicular to

the plane of polarization of E . This allows the transmission

through the polarizer of only E(1). In this case the optical corn-

ponent scatter, laser noise, as well as the Rayleigh scatter are

blocked by the polarizer. So, only unfiltered seawater need be used

in the seawater vessel.

In order to determine the phase shift 6( of the phase

of the control beam must be adjusted 180° out of phase with the

incident beam. To do this, the scattering path polarizer is rotated

so as to allow E to be transmitted. Then, by adjusting the

piezo-electric crystal, the phase of E b. is shifted until an intens-

ity minimum appears on the photodetector. This satisfies the con-

ditions necessary for destructive interference to take place.

The problem now is to rotate the plane of polarization of . b.

by 90° in order that it can interfere with (j)( b, chapter

II). The placement of a 90 ° polarization plane rotator (optically

active quartz) in the control beam accomplishes the necessary rota-

tion. Let the electromagnetic field vector E b (j) denote the light

field vector of the rotated control beam. Set-up B of Figure 2, 8

shows the proposed placement of the above rotator. This rotator

must be designed so as to induce no phase shift on the control beam

upon insertion in it. This can be accomplished by building up an

optical coating on one of the crystal ends to the point at which the
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the light traveling through this crystal departs from it with the same

phase as it would have had if the crystal had never been inserted

into the beam. Finally, the scattering path polarizer is returned

to its perpendicular orientation.

Ec b. is now 1800 out of phase with E and its plane of
U. S.

polarization is perpendicular to that of E . By adjusting the
U. S.

phase of so as to produce a minimum on the photodetector,

it will have undergone a phase shift of Ei() in reaching a state of des-

tructive interference (Figure Z. 10). The phase shift, can be

detected by calibrating the piezo-electric crystal. This leaves only

to be determined.s(jj
The amplitude of E() can be most easily determined by simply

blocking off the light of the control beam from the detector. The in-

tensity occurring on the detector is due to E() This intensity

is called

Knowing I + I
s(II )' s(j)

I + I = Total forward scatter (0 = 0°). 2.5)s(!) sft)

Since 5 is more a function of m and particle thickness than it is of

particle shape, it is expected that 5) since they are both

phase change averages.

As was mentioned earlier, if I is too small to measure,
sft)

this is an indication that the scatterers are sphere-like in their
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statistical scattering properties at least in this respect. If 1(1)

is measurable, at least some of the particles can no longer be

considered sphere-like or Mie scatterers.
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Figure 2. 10: Vectorial relationship used to determine

D L
LIII1

Receiver

I I
4-.L-._

J1 (0)

aperture

L = length of scattering path

D path length in air after scattering

Figure 3. 1: Scattering element geometry
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III. MAKING THE MEASUREMENTS

The scattered light intensity at some angle 0 is called J(0).

If this light is scattered from a large scattering volume V, this

volume must be subdivided into n subvolumes or scattering elements

in order to define each of the angles 0 formed by the scattering axis

and the line between the subvolume and the observer. Each of

the different subelements receive different amounts of incident light

intensity H., depending upon how much light attenuation takes place

at varying places along the scattering path. Referring to Figure 3. 1,

where

J.(0) = H. V.13(o),

1 11

J.(0) intensity of scattered light in the direction 0 from

element i, measured in microwatts/steradian;

H.(0) laser beam intensity incident on the sample volume

V, in microwatts/cm

3. 1)

V. volume of scattering element No. i, in cm3; and

13(0) volume scattering coefficient in cm steradian. Then
the intensity scattered at 0 = 00 from scattering element No. 1 is

J1(O°) = H1 V1 13(00).

There is a certain amount of attenuation due to traveling in

water from volume No. 1 to the reciever. So, the intensity of light



actually reaching the receiver due to scatter from volume element

No. 1 is
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-ctL1/2 J1 (0°) = 1/2 H1V1(0°)e = Ii(00), 33)

where H1 incident unscattered beam flux incident on volume element

No. 1,

a. = total attenuation coefficient per unit length, as measured

by the attenuation necessary to impose on the control beam in order

to receive a minimum receiver output, in cm, assuming only

single-particle scattering. The 'l /2 comes from the reflection

off the beam-splitter.

The intensity at the receiver due to light scattered from the x.

element is
-ct(L-x.)1/2 3. (0°) H.Vj3(0°)e I.(0°), 3.4)

1 11

where H. H eaxi
i 1

Thus, the total intensity due to forward scattered light arriving

at the receiver is then n n
-a. L1/2Jtotal(0°)!J(0°)l/2H1V.(0°)e 3.5)

2 i=l i=l

'totai° °) = H1 ( 0 ) e V 3. 6)
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n

But V1 = V2 = . .. . = V V. = n. V1
j :;:1

totai°
0)

1tota10
0)

13(00) = = 3. 7)-aL -aLnH1V1e nH1V1e

In this case 'tota10° = + I SO
s(I)

+ 'sW
13(00)

nH1V1e
3.8)

Then, 13(00) is obtainable using the interferometric method discussed
herein, assuming the noise in the system is low enough to allow an

unobscured signal to be detected.
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IV. ERRORS

The errors in this system can be categorized as being due to

optical components, temperature effects, and vibration.

Optical Component Errors

The dominating optical component errors are caused by the

laser, the beamsplitter, and the optical flatness of the component

surfaces.

Laser Noise

The noise of the laser proposed for this interferometry experi-

ment is less than 0. 1% and is caused primarily by amplitude van-

ations in the intensity output. This quantity was measured using in-

terferometry, so it also includes an optical vibration factor. By

maintaining nearly equal interferometric optical lengths, a large

fraction of this error could be reduced. In this case, though, the

noise is assumed to be 0. 1% (personal communication with John

Bac evic).

Beam-Splitter Noise

The front surface (glass) of the beam splitter reflects 0. 5% I

even though it is coated (personal communication with L. S.. Howerton),



and this light is out of phase and linearly displaced from that light

reflected from the back surface of the mirror. This effect is most

apparent in the control beam, but a similar offset, out of phase re-

flection takes place in the scattering path. Considering the various

attenuations along the path, the resultant beam-splitter reflection

noise is less than 0.3% I
0

Optical Flatness

If a component is listed as having an optical flatness of 1/20 X

over the central one-half inch, this means that any portion of the

surface could transmit light that is out of phase by l/20X with that

of some other portion. Assume that a linear relationship exists in

terms of phase from one point to the next; otherwise distortion would

be apparent. Therefore, assuming a linear relationship at least in

fairly small regions, one portion may be 1/20 X out of flatness with

another over a linear distance of say one-half inch. Thus

/ 3 mm'\1/20 X ( width of beam "
l/Zinch l.3cm)20X13mm) 4.1)

or the error
inphaseof ±4°
wavefront ..)

Then an error inn components of ± 4° each is ± (40) In the

scattering beam, n = 6. In the control beam, n = 5. Therefore, the

total error in the coherence of the wavefront is ± -1 +6(4°) or



± J1 1/2(40) or ± 6.6°. This manifests itself in an amplitude intens-

ity error of±.0036 10.

Temperature Effects

Radiation Heating Effects

If the water in the scattering path absorbed as much as 1

watt of power (this figure is exhorbitant) and assuming that there

are only ten grams of seawater in the vessel, its temperature would

rise by about 2.4X 16°C every 100 seconds, assuming no heat

losses. This temperature increase is negligible. Thus, no oper-

ating time limit need be adhered to with respect to radiant heating

from the laser.

Ambient Temperature Variation Effects

It is of extreme importance to maintain the filtered and unfil-

tered seawater at exactly the same temperature, for a small differ

ence in temperature will introduce a large phase shift during the ex-

change of seawater samples. Sufficient temperature control can be

accomplished by using a water bath accurate to ± 0. 01 0 C. Even

this small a fluctuation in temperature induces a variation in the

index of refraction of seawater of about 9 X l0 assuming the tern-

perature to vary around 20 ° C. Such a variation in the index of



refraction will cause a change of phase of about ± 4. 2° if the water

vessel is only 1 cm long.

If the optical lengths in the air, crystals, and glass components

are the same for each path, a small ambient temperature change will

affect both paths identically assuming that the temperature change is

the same for each path. In this way no phase change is induced be-

tween the two optical paths due to temperature effects. The two op-

tical paths can be maintained at equal temperatures by locating the

interferometer in an enclosed box with a small fan inside. The fan

will maintain a spacially uniform temperature and humidity at all

places within the box, even though these have time variations. Thus,

if the room temperature fluctuates by only a degree or two, temper-

ature errors will change the phase of the light passing through the

unfiltered versus the filtered seawater by at most ± 5°, since there

will be negligible phase variations due to temperature effects on the

optical components.

To illustrate the need for equal lengths of quartz, glass, and

air in each of the optical paths, let us assume that there is a quartz

crystal of 1 cm. length in only one of the paths. According to the

International Critical Tables (1934), the index of refraction for quartz

is 1.542819 at 15°C. This number changes by -5.49X 1o6 per de-

gree centigrade in this range of temperature. Therefore, in travel-

ing through a 1 cm. length of quartz, a -27. 7° phase change takes



place due to a temperature increase of 1 C. But there is also an

expansion of the quartz crystal. If AT 1 ° C, then the change in

length is about S X 1O cm. or about 1.54 wavelengths. The corn-

bination of both temperature effects causes a phase change due to a

1°C rise in temperature of 529° or about 1,47 wavelengths. This

same type of analysis holds true for the other optical components.

So, equalizing the optical lengths of each type of component is the

only way to minimize phase changes due to changes in the ambient

temperature.

Vibration
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It is possible to reduce vibration to a level negligible with re-

spect to laser noise (personal communication with John Bacevic, of

Spectra-Physics). Each of the major noise and error factors have

been dealt with individually, but they will vary in their cumulative

effect depending upon the apparatus set-up being used. The basic

feasibility test of an experiment is the comparison of the signal re-

ceived with the cumulative noise and, errors induced by the equip-

m ent.



42

V. SIGNAL-TO-NOISE RATIOS

In order to predict whether or not a set of measurements will

be meaningful, the strength of the signal must be dominant over that

of the combined noise factors.

Signal Received from Set-Up A

A certain amount of the incident light will be lost to component

attenuation, but this will be less than 0. 3% for each optical element

If 10 is the intensity of the laser beam, about 1/2 of it is lost by re-

flection off the beam-splitter. Therefore, the signal reaching the

seawater will be at least 0. 49 I
0

According to Jerlov (1961), (0°)> .i < 5.1)

or J(0°)> 0.1 HV, 5.2)

where H = 0.49 I , and V = (. 0035)2(0. 01)m3.

Then J> (.l)(. 49 I)(. 0035)2()(0. 01). 5,3)

> (.49I)(4.0 lo_8)

J>2.Ox io_8i.

But more than one-half of J is lost going through the polarizer and

the beam-splitter.

sinb >1OX
s(I) (fl)

io8 I
iwatts 5,4)

o 2cm



43

If 5 900, i > 1.0 x io8 i . But as will be seen in a
() s(f()

later section, even this signal is not intense enough with respect to

noise, let alone one having a sin
(Il)

< 1.

Signal Received from Set-Up B

The signal received from set-up B, is theoretically zero.

If it does actually exist, its intensity must be greater than the intens-

ity of the noise in order to be distinguishable. In the section on

Signal-to-Noise Ratios the value above which 1(1) as a signal can be

recognized is derived. This minimum intensity below which a signal

for I cannot be separated from the experimental noise in set-up B

is called the threshold intensity of I If I does not exceed itss(J) s(Jj
threshold intensity, it can only be assumed to be negligible.

Noise in Set-Up A

The maximum noise arriving at the receiver will be as follows

for set-up A:

. 1/2 (.001 I ) + 1/4 (.005 I ) + 1 /4(. 0036 I ) 5. 7)noiseA .0 o oLaser noise control beam flatness
beam.splitter noise

noise

+ 1/4 (.005 I) = 0.00391 or 0.004 I
0 0scatter path

beam- splitter
noise
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2
where 10 is the intensity of the laser output in i. watts/cm

Noise in Set-Up B

The maximum noise arriving at the receiver will be as follows

for set-up B:

I 1/2 (.001 I + .0051 )K 5.8)noiseB o olaser and
beam-splitter

noise

where K is the attenuation due to the polarizer.

nojse B <0.003 K I 5.9)
0

butK< I sin5 = l.Ox io8. s.i
s( ) (Is)

So 'noise B
(3.0x 103)(l.0X l08)I 5.11)

'noise B
-11 2= 3.0x 10 I watts/cm 5.12)

0

Signal-To-Noise Ratios

It is clear from the results of the preceding sections that set-up

A will not allow a strong enough signal with respect to the optical

noise. The signal-to-noise ratio for setup A is from equation (5.4)

and equation (5. 7)
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S 5.0X1091
3

°
= l.25.X106 Sl3)

A 4.0Xl0 I
0

This means that the signal-to-noise ratio for I , is less thans( li
l.25)< l06, a value much too small to be useful.

For set-up B, the signal-to noise ratio is much more favorable.

A signal as small as 3. 0 >< 10_li
1 is detectable, assuming a gener-

ous signal-to-noise ratio of 1. In order that 5(j) be determined, it

must be quite a bit larger than ± 50 in order to be considered detect-

able, since the error in phase detection is about ± 5 O By taking

several different readings of the most probable error involved

can be reduced to a value much smaller than ± 5O For example,

if 30° is the average found from five different readings, then

the most probable error calculated from the deviations from the mean

will be much smaller than ± 5 O This is assuming that any given

deviation from the mean is less than or equal to ± 5 O
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VI. CONCLUSIONS

Several conclusions may be drawn from these studies. It

became apparent almost immediately that a laser source of light

for the interferometer is needed. As it turned out, even the laser

selected as being best suited to this interferornetric problem has

too much noise for one aspect of the study.

It was found that particular contributions to the total scatter

by any one size group of particles can be determined. This is assum-

ing that all measurements of the scattered light are detectable.

An important result is that the separation of the forward scat-

tered light from the unscattered light is possible by using interfer-

ometry, even though at present the equipment necessary to measure

such scatter produces too much noise. Going farther, that compon-

ent of the scattered field vector having no phase shift is con-.

sidered a part of E since it is found to be indistinguishable from

Eu s
As a result only the component having a 90 0 phase shift,

is considered to be scattered light in the incident plane of

polarization. This means that the intensity of the light scattered

in the forward direction by seawater particles is equal to
r

+

In developing a workable expression for 13(0 for a seawater

vessel of length L, being broken up into n subvoiumes,
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2 (1S(y + I(1))/n H1V1eaL was derived. Due to the length of

this vessel and the number of optical components involved, it was

determined that temperature must be carefully controlled.

Finally, the detection of 1s(I)' was found to be impossible using

what is considered to be the best currently available laser source

for this interferometric method. Excessive noise with respect to

the expected signal is the quantity responsible for this failure. In

contrast, a signal for I as small as 3.0 X I is detectables(jj o

in set-up B. But, if a value for 1s(j..) is found to exist, then Mie

scattering theory cannot be applied directly to seawater scattering

of light.

Since (0 is not attainable using the interferometric apparatus

described herein, an alternate method is described in the appendix.

It is worth mentioning that the volume attenuation coefficient,

a, for seawater can be determined directly by using the previously

mentioned apparatus. The laser, scattering vessel, and photodetec-

tor allow a to be measured directly.
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APPENDIX

3(e) remains undetermined as 8 approaches 0 0 and 180 0 By

using a narrow beam laser and an expansion of the method outlined

in Chapter III of the thesis, measurements of 13(0) can be made for

1700< 8 1800 and 50 > 0> 00
13( for 0 00 cannot be obtained

directly, but it can be extrapolated with more accuracy than has been

possible up to the present.

Figure I in this section shows the apparatus necessary for

studying the backscatter of light from a volume of seawater. A

beam-splitter is introduced into the incident beam path in order that

one-half of the backscattered light can be reflected out of the incident

beam. This apparatus set-up is effectively one-half of an interfer-

ometer which separates two light waves (incident and backscattered

light waves) traveling in opposite directions. A variable aperture is

introduced into the backscattered beam in front of the photodetector.

In this position, the variable aperture permits the detector to meas.-

ure backscatter at angles adjustable from 0 = 1800 to 0 1700 from

any scattering point in the scattering volume. If the volume is kept

small, the range of 0 over which any given aperture setting accepts

backscatter is small. Therefore, by careful control of the geometry

of the set-up, it should be possible to measure values of 13(0) which

are mean values over small ranges of as for example, 13(0) for
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1800 > 0> 179°. Successive increases in the size of the aperture

results in the measurement of means of 13(6) over successively larger

angular spreads. By combining the information taken with successive

apertures, it should be possible to extract mean values of 13(0) over

successive, small angular increments from 1800 > 0> 170°. It

seems possible to replace the variable aperture with a variable ring

aperture to accomplish the same result using mechanical means

rather than the mathematical recombination suggested above. This

would also allow the detection of 13(0) for increments as small as say

1 72 ° < 0< 1 700 and etc. Neshyba (1966) gives one such mathematical

treatment of the variable ring aperture technique. 1

Figure II is a diagram of the apparatus which can be used to

study the forward scatter of light at scattering angles from about 1

to 5°. Again, a variable aperture is placed in front of the photo-

detector, but a small light absorbant center for the aperture is

necessary in this situation in order to prevent the unscattered laser

light beam from entering the photodetector. The light is scattered

by the seawater in all directions, and the aperture is variable so

as to allow the passage of light scattered at angles from about 1 0 to

5°. Again 13(0) can be found for 6 increments of 1 ° < 0< 1.50 and etc.

It should be stated that Spilhaus (1965) employed a similar

'Neshyba, S. J. 1966. Proposal for Research in Direct For-
ward Scatter of Light by Particulates in the Sea. NSF Grant GA-545.
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scheme to measure forward scatter at angles of 1 _5°. But he did

not employ a variable aperture and hence was unable to measure

3() for incremental angular spreads smaller than about 5° in width.

Thus, (B) can be measured for all backscatter angles, and its

value in the forward directions can be determined for angles approach-

ing U = 0O Having a more complete graph of 13(0) versus 0 allows a

more accurate extrapolation of 13(0 ') to be made. As a result, the

total scattering coefficient, b, is more accurately determinable.

Again it must be emphasized that 13(0) for 0 00 is not directly

attainable.
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Laser Scattering Volume Detector
Variable
Aperture

Figure II. Near Forward Scatter Apparatus

L1etect0.
Variable Aperture

Figure I. Backscatter Apparatus




