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CONTRIBUTIONS OF SYSTEM PARAMETERS IN THE DOPPLER
METHOD OF FLUID VELOCITY DETERMINATION

I. INTRODUCTION AND BACKGROUND

A hydrodynamic problem has arisen in the usevof high-thrust .
rocket engines with multiple nozzles. The flow pattern is such
that the hot exhaust gases are circulated against the base of the
rocket. The heating of the rocket base must be considered if a
satisfactory.heat balance is to be maintained. It is desirable
to know the detailed flow configuration about the basé of the -
rocket.

The determination of fluid flow patterns in the past has been
limited in accuracy by the disturbances caused b& the measuiing
probes themselves or by incomplete data in the case of optical
methods. Meéhanical devices are limited in frequency response;
Hot wire or hot film anemometers have been used extensively in
the past bﬁt fhe thermai time constants of these devices limit the
frequency response to 200 kHz at best for a 3 db drop in signal

+

level. In addition, the probes are mechanically fragile,n‘
particéularly those for high freqdencies; and canpot be easily :‘-
applied to the determination of cqntaminated flow or to-very-high
véiocity flow.

The hot wire anemometer can be used in pure air up to
velocities of 200 m/sec without mechanical failure. In contam=-

inated flow a coating rapidly develops which causes erroneous

readings. In abrasive flow the thin film or wire zapidly erodes,
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producing reading errors and eventual failure of the probe. The
hot film anemometer cén be used in air at velocities (at atmos-
pheric pressure) slightly above 500 m/sec»and in some liquids up
to T m/sec. The mdximumvtemperature at which these probes can .

operate is approximately'lsooc. The sizes of these probes are

considerably larger than the diffraction limited focus of a laser

beam since the minimum length is usually between 0.5 and 1.0 mm.
The Pitot tube is limited in the determination of high-speed

fluid flow since its time constant is long because of the inertia

'of the fluid in the readout device. It is larger than the

anemometers ( ~3mm diameter), it ténds to perturb the fluid flow
to a greater extent, and it is prone to errors introduced through
contamination and cannot be used when solids exist in the fluid -
flow.

Optical systems (schlieren, interferometry, shadowgraph)
used in the study of fluid dynamics are usually limited practically
to laboratory situations in which their environment is closely |
controlled. Although these measurement techniques'do not perturb
the flowing system, it is extremely difficult to get quantitative

information concerning the particular dynamics of a flowing system,

' especially for a high frequency turbulent mediume An additional

problem with measurements on hof flowing systems, such as those
around rocket bases and Jets, is the high background optical ndise

generated by the gases themselvés.
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All of the above techniques for the study of fluid dynamics
suffer from the inability to measure localized flow. That is,
all of the systems are flow integrators because of their large
sampling volumes.

When the relative merits and disadvantages of the above
techniques for fluid flow determination are considere?, the con-~
clusion is that a specialized optical system is preferable since

photons will not perturb the flow and a beam of light can be

focused to an extremely small spot giving a smallbsampling volume.

This suggests using thé éhifted optical Doppler signal scattered
from the spot focused in the flowing system. However, until
recently no technique existed for detecting this ;hifted signal.
.The spectrographs used in astronomical Doppler measurements lacked
several decades having sufficient resolution. The heterodyne.
techniques used in microwave frequency radars could not be used
because of the incoherénce'éf.optical sources as well as their
lack of intehsity‘whén made sufficiently monochromatic.

‘The advent of the continupus wave laser provided both'a
suitably coherent, monochromatic, and intense source as yell as
a detector. This combination permits evaluation of flow patterns
with minimal interaction between the photon primary transducer and
the‘flowing system.

The coherence and monochromaticity of the laser beam probe

permit mixing of the Doppler frequenéy-shifted radiation scattered

from & dynamic fluid system with a known optical frequency (local
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oscillator) to obtain a sufficiently low beat frequency'that can
be detected with optoelectronic devices.

This_phenomenon is completely analogous to frequency mixing
at radio-freéuencies and is therefore called optical heterodyning.'///
This modulated opticé; wave is transformed into an electrical |
signal by a high-sensitivity square law detector according to

i=a + al'E2 (1)
ﬁhere‘i is the current generated in the photodetector, E is the |
, are the first two
constants in the Fourier expansion. Higher terms are insignificant.
The output.of the nonlinear optical detector may be represented

on the intensity versus frequency scale of a speétrum analyzer as

a signal with a probability distribution function which should be

" a measure of the velocity fluctuation distribution in a given

scat?ering volume. Of course, in practice more advanced readout
techniques would be necessary for turbulent flow.

The correlation between this probability distribution function
and -the velocity of a flowing fluid has been established ﬁhrough
the Doppler equation for one-dimensional laminar flow (6). In

this work it was found that particle velocities could be measured

". by focusing a laser within a gas stream containing suspended

particles. The light scattered from this focal ;egion at a partic-
ular angle to the incident beam was recombined with a portion of
the inéident beam to produce the heterodyne signal. The inter-
pfet;tion of the heterodyne sigpal was contingent upon the vis-

cous nature of the flow. In this simple case the flow was
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assumed to be along a single axis and the velocity vector t reduced
to a simple scaler, speed Voo along a known axis. Since the
velocity 'at any fixed point in the flowiﬁg system was time invariant
as to direction, a single measurement of speed completely analyzed

the flow pattern at the fixed point.  The distribution function

 as seen by a spectrum analyzer would be caused in part by the

distribution of velocities in the finite sampling volume. A goal-'
of this dissertation was to determine which system parameters |
contributed to the readout and specifically what caused the

spread in the distribution function. This goal would bg paftic-

ularly important in the projected use of the device for measuring

velocity vectors in three-dimensional turbulent flow.

In particular the causes of frequency and intensity fluctuations
in the distribution function; the size, size distribution, density
of distribution of the scattering centers; the size and effect
of the scattering volume; and certain interactions were investigated.
Scattering centers had to be produced that fulfilled theoretically
and empirically determined criteria. They were chosen cgéefully |
to prevent severe nonlinear interactions which would invaliéﬁtéih'
the acquired data: particies that were too heavy or large would
not follow the flow pattern, particles that had large size
distributions (polydisperse) would have a velocity distribution
of their own, particles that absorbed highly would be poor Qcatterers,

and particles that were too small would have low scattering
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efficiencies. In order to meet these criteria the properties of
the particles had to be known“and these characteristics had to be
reproducible.
The determinatibn of the effect and size of the scattering
area and later of the scattering volumé had to be made. The size
of this scattering center (in the broad sense) had to be optimized

in relation to the other parameters of the system and with respéct

to the degree of turbulence. The center could be so small that

the only data taken would be noise representing microscopic
fluctuations. Conversely, if the.centef were too large, the data
would be integrated over a given aréa and would not give the true
§alue of localized turbulence.

The Qne-dimensional scattered radiation was studied relative
to data reduction, ihterpretation and sampling techniques. The
readout of the data was also studied. The degree of contribution
of the experimental setup itself to the data was ascertained.
Undesirable effects could then be eiiminated, minimized, or
cbrrécted for in the readout of the data. The desirable effects
could be amplified, and the entire system opfimized. The study was
limited to simulated flowing systems and flowing liquids. A more
detailed discussion of the approach to the problep as well as the
results are presented in the following dissertatioén. The chief
contributions of this study are related to the symmetrical
heterpdyne arrangement, to the understanding gained of the parameters,

and to the optimization of the heterodyne technique for velocity

measurement.
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II. LITERATURE SURVEY

" The optical heterodyne technique of velocity measurement
was developed by Yea and Cummins {7) to study a wide range of
flow rates in flowing liquid systems. The technique was
subsequently applied to flowing gas systems by Foreman, et al. (6).
The latter researchers have published widely concerning the basic
operation of the "1gser velocimeter", as the instrument is called
by them. However, there has been little effort made to under-
stand the coordination between the physical characteristics of
the instrument‘and the resultant readout. Furthermore, the
systeﬁ has not been optimized for the type of studies for which
it was originally designgd. For example, all previous researchers -
have used forward scattered light which leads to a geometrically
difficult configuration in relation to the studies of the total
rocket exhaust problem. In addition for studies of three-dimensional
flow several velocimeters would be necessary for complete analyses.
Accordlng to van de Hulst (15), the use of the backscattered
radlatlon would have a disadvantage as’ related to the 1ntensity
of the received radiation. However, the nominal ten-to-one
front-to-back ratio of the scattered radiation does not place
unrealizable constraints on the receiving systen.

Several authors (12, 13, 8)khave given theoretical and

experimental treatments of the characteristics of coherent
radiation backscattered from optically inhomogenous secondary

radiators — both static and dynamic. As will be seen later, the
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particulate composition of the secondary radiators can be limited
to the Mie scattering region (i.e. particles with diameters
between 0.1y and 100u. The Mie theory of spherical particles (11)
coupled with that developed by other researchers leads to a concept
of large backscattered lobes of radiation modulated by smaller
lobes causgd by the coherence of the incident radiation. The
result is a speckle pattern which has an intenéity gradient
dependént upon the location of a given sampling'area in relation
to‘the Mie scattering lobes.

Recently Goldstein and Kréid (7) used the Doppler flowmeter
to study the development of laminar flow in & square duct. They
used forward scattered radiation in an unusual experiﬁental
arrangemeﬁt in which two beams were brought together at a single

focal point. -
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III. THEORY

A. Study of Scattering Centers

In using the scattering from a flowing system, the magnitude
of the scattered radiation is extremely important. The scgttering
can occur at dénsity gradients in the flowing fluid, from mole?ules
and/or atoms of the flowing fluid itself, or the scattering may
occur‘from natural or artifically introduced impurities in the
flowing stream. Some properties of scattering will be considered
before concluding which scattering medium would be most suitable
for this'study. The selection of a suitable scattering medium
is of primary importance in the development of sufficiently intense
scattering and of the desired angular distribution of this scattered
radiation. Polarization effects must also be included in this
_search for appropriate scatterers. |

Scattering is usually classified into two mein divisions —

~dependent and independent. Independent scattering occurs when the

scattering of a given particle is not coupled to the scattering

of any neighboring particles. This criterion is determined solely

. by particle separation and is met when the separation is about

three times the parficle radius (15).

Additionally, scattering may be classified as to the
relationship between the frequency of incident and scattered
radiation. In some cases (Raman scattering for example) there are
actual quantum transitions in which there is a loss or gain in the
frequency of the scattered photon;> This quantum effect mg§§_not

be confused with‘the_Dobpier'fieéuency shift in which energy is
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conserved without absorption or emission of additional quanta. This
study was limited to radiation that is not fundamentally shifted
upon scattering.

Scattering may also be classified according to the sizes of
the particles from which the scattering occurs. In these types of
scattering the frequency is not changed. There are three basic
photon-matter interactions that in a broad sense may be classified
under scattering:

1. Reflection A<<d

2. Rayleigh or Thompson Scattering A>>d

3. Mie Scattering A= 4,
where) is the wavelength of the inéident radiation in the suspending
medium and 4 is the @iameter of the scattering particles.

1. Reflection. In pure reflection the mechanical inhomogeneities
are large enough that there are bréad areas that appear optically
flat to the incident radiation, ﬁherein the phases of scattered

light from adjacent particles will agree. The secondary waves from

~ the atoms in the surface will cooperate to produce a refiécted

wave front traveling at an angle equal to the angle of incidenée;"‘
Since the wavelets are additive, the scattered (reflected) wave
approaches the intensity of the incident ray. Losses are primarily
caused by conversion of some of the electromagné;ic vibratién
energy into heat (absorption) rather than ge-radiating it as
visible light. For monochromatic light it is relatively simple to

construct surfaces that have a visibleiwavérradiation; extinction
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coefficient that consists of less than 0.1 percent absorption.
Therefore, this system is highly efficient. The mathematical.
description of such a system is simple:
o= 9 (2)

where ¢ is the angle the incident radiation makes with the normal

to the scattering particle and ¢' is the angle the scattered

radiation makes with the normal. It will be noted that the

scattered radiation4f;om a perfect reflector (i.e. d == ) forms a

 beam that is thé same diameter as the incident beam except for

minimal diffraction effects caused by the laser exit aperture.

That is, the scattering cross sectibn for a beam of cross sectionﬁl
érea of 1.0 cm2 approaches 1.0 cm?.

| As d becomes of the order of magnitude of the beam diameter,
the scattéring is no longer ideal reflection and there is a
three-dimensional intensity distribution about the angle ¢'.

This radiation packet, called a lobe, becomes important in other
types of scattering.

‘Because of the high scattering efficiency and simple %heory
associated with pure reflection, it would be highly desirable to
utilize it in this study. However, there are two major factors
which prevent its. use. . Since the result of the studies will
ultimately be applied to turbulent systems, the p;rticles-must have
spherical symmetry to present the same scéttering profile to the

incident beam at all times since the particle orientations are

time variant in turbulent flow., However, with this shape the'
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particle must have a 1§rge cross section to meet the criterion of
flatness discussed above and as a result will have a large mass.
This large mass would preclude the particle following the fluid Flow

accurately. If the particle were 1.0 mm in diameter, it would follow '

‘the law of reflection to an extent, but even i{ it were a water

droplet with its low density, it could not follow the fluid motion

into the turbulent region of flow. Highly reflective dielectrics

or metals would indeed have prohibitive particle masses, the latter
not following the highest viscous flow but falling to the bottoﬁ

of the flow channel. That is, with the best pure reflectors nothing
mofe than integration of the turbulent flow into a ggneraliied
velocity vector along the net mass~flow directibn could be expected.
Therefore, it is evident that reflection cannot be used.

2. Rayleigh or Thompson Scattering. Thompson scattering occurs as

a result of interaction of electromagnetic radiation with free

electrons. The scattering cross section is of the order of 10-26 cm?
as given by
I 8 r2. '
s : (3)
Io 3

Here r is the radius of scattering particles, I is the intensity
of the scattered radiation and Io is the intensity of the incident
radiation. Thompson scattering depends upon the available free
electrons which in turn depend upon the degree of ionization of the
atoms and molecules in the fluid. It must be noted that this makes
the degree of scattering temperature sensitive because of the

relatiénship between numbers of ions produced and the temperature
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of the Maxwellian gas. Therefore, because of the small scattering
cross section for electrons and the statistical variations in
their number, the theoretically simple Thompson scattering cannot
be used.
Scattering frﬁm randomly distributed molecules and atoms has
an intensity factor that is.at least three orders of magnitude

below that for Thompson scattering. This phenomenon, called

Rayleigh scattering, can be described simply in mathematical terms.

The intensity relationship is given by :

/1 = Wi ‘ (%)
where V = volume of a scattering particle |
A = wavelength of the incident radiatibn
k = proportionality constant

I/Io = the scattering cross section for random scatterers.
For random scatterers the total scattered intensity in any
direction is determined by summing the intensities of all scattered
waves. For ordered scatterers the amglitudes are additive. The

value as a function of observation angle, 0, is

I (8)=% (1 + cos? o) (5)

which is symmetrical about © = 7/2.

The scattering cross section at any observation angle becomes

I () Wy, (2m \* o 1 (1+ cos? o) (6)
I A 2 2 '

where ETLQL = scattering cross section for a given observation
o angle, © -

N = number of scattgters per unit volume

e |
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Vn = total scattering volume
n, = refractive index of medium
A = vacuum wavelength of incident radiation
a = polarizability tensor
x = distance from scattering center to optical

receiver

For anisotropic scatterers this equation is complicated by the
necessity for taking the mean of the three principal valﬁes of the
polarizability tensor as well as by a polynomial ratio containing
a depolafization coefficient.

In random scatterers the total scattered intensity is
directly proportional to the number 6f scatterers since the
resultant amplitude is proportional to the square root of the number
of scatterers. In randomly distributed particles smaller than A
the.amplitude is directly proportional to the number of scatterers
(proportional to mass) and therefore the intensity is proportionél
to. the square of the number of scatterers. for independent scatterers.

The total light power scattered through 4n steradians' from
unit volume and unit incident intensity across a sphere of radius r

is called the scattering coefficient, Tt

Ly 2
_bw [ 2n Na™.
'F -3 <}‘l ) . (7)

The relation of intensity to observation angle is simple and
is symmetrical about a plane through the scatterer and perpendicular

to the incident radiation. The degree of polarization can be stated

~—

sin_ ©
P (o) = 1+cosc0 . | (9)
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where P (0) = degree of polarization (varying from a maximum of

unity at @ = 90o to a minimum of zero at © = 0°) and where 6 = angle

of observation. The desirability of using this type of scattering
from a theoretical standpoint is negated, howevér, by the extremély
small scattering cross section of approximately 10-29 cm2.
Scattering in the case of spontaneous fluctuations of density
in a homogénebus medium'aiso comés undér the Rayleigh scattering
theory and therefore suffers from the same lack of intensity. |
In general, the above scattering theories hold only for

particles whose diameters are considerably less than the wavelength

of the incident radiation. Of course, it would be desirable to use

‘the particles (atoms, molecules, electrons--or denéity fluctuations)

of the flowing medium since they would of necessity féllow the eddies
of yurbulent flow as well as less time variant laminﬁr flows.

It would also be possible to utilize higher power lasers to
get higher intensity scattered radiation. However, there are
several diséévantages to taking this approach. First, mést lasers
of high intensity operate in the pulsed mode, making it im@ossible

to have a continuous signal readout. In addition, when the

- radiation is focused to produce a small sampling volume, several

disruptive effects occur. If the pbwer density coupled with the’

electrical field strength is sufficiently high (as it almost

always'will be) the flowing gases will be multiply ionized with a

' great deal of force, causing a severe loss of optical coherence and

a disruption of the turbulence pattern. Even with rather low power
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pulses there is a significant thermal effect between the particles
of the fluid and the incident photons. Also, there can be a '
significant photon pressure at high intensities of radiation. In
other words, with the use of high power lasers the pertubation
caused by the non-~linear photon#matter interactions could be more
disruptive to flow patterns than standard mechanical probes. It
will be shown later that these effects are negligible for a 50 ﬁW cw
léser. |

Low power, continuous CO, lasers could also be used since their

2

.output could be made low enough to minimize most non-linear

photon-matter interactions. However, the ihcrease in scattered
intensity would be negated by the low quantum efficiencies of photo-
détectors at the 002 line of 10.6 microns. Thermopiles wﬁich are
normelly used in this spectral region would not have sufficient
frequency response to be used.

There are also considerable safety hazards associated with
the use of either high power pulsed lasers or the continupus 002
laser. The latter poses a particular safety problem because of its-
invisible output. |

3. Mie Scattering. A segment of the particle size region

(0.1 u<d <100p)(i.e. d=A) between Rayleigh scattering theory and
pure reflection cannot be treated by either of these simple theories.

The theory in this region is extremely complex and has been. given

- in detail only for perfectly spherical particles (11).
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Mie treated scattering from spherical particlés as an
electromagnetic wave boundary-value problem. The'scatteréd wave
amplitudes are determined as infinite series of Bessel functions
of the radius multiplied by spherical harmonies in the observation
angle. The scattering depends upon the ratio of the refractive
index of the sphere to that of the medium in which the sphere is
suspended m = nl/no; upon the size of the sphere (radius = r);
upon the wavelength of light in the ﬁedium (A = A/no); and upon
a coéfficient y = 2nr/A'. As ﬁl . .3§§- approaches zero (i.e.

(o]
r +0 as in Rayleigh scattering) all the terms of the series except

~ the first vanishes, giving the classical Rayleigh equation for

re-radiation'from the induced electric-dipole m&ment in the
scatterer;

As a second approximation to scattering, the induced
electric-quadrupole #nd megnetic moments are included. This
approximation is good to & value of r=)/6 and m=1.33 (H2O drop-
lets in air).' The degree of polarization with angle becomes a
two-component series éxpansion even for this simple appréximation.

As the particle size increases, ﬁhe scattering intensity also

increases, but the mathematical complexity also increases as more’

terms in the Bessel series become necessary to describe the

scattered radiation.

In the region of the second approximation the scattering
becomes asymmetric with the forward scattering lobe more intense
than the back scattered lobe. In addiiioh, the light is depolarized

to an extent at @ = v /2 for both isotropic and anisotropic scatterers.
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The scattering coefficient is given by |
T =N ax’ £ly) | (9)
where y = 2nr/)\' as given before. The function f(y) is extremely

complex but has the following limiting values

¥y <<l f(y) related to yh and A-h
y =1 f(y) related to y2 and A-2
y>> 1 approaches value of 2. (10)

For y << 1, the function f(y) is simply Rayleigh's L-power law.
As the particles ﬁecome large (Mie scattering) the scattering is
indépendent of wavelength in the limit.

Mie theory aiso holds for electrically conducting particles
if the complex refractive index of the conducti;g particle is used.
Metals scatter more in the back direction than in the forward:
direétion. Also, the value of the complex index (both coefficients)
of refraction decreases with increasing wavelength such that
scattering is more efficient toward the ultraviolet end of the
optical spectrum.

In the Rayleigh scattering region the scattering is spherical
and of small intensity. When the size of the particle becomes
sufficiently large that the phase differences between light
scattered by its various parts becomes significgpt, the amplitudes
are no longer purely additive. This phase difference is maximum

for back scattered light and extinction occurs at r = A/4 and

© = n. That is, as the particle size increases, the forward

scattering increases as-ra, while the backscattering decreases
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to zero at r = A/b. As r becomes still larger, extinction occurs
at 71/2<0 <yand the lobe along © =7 becomes more intense. At
larger values of r the intensity of the backward lobe reaches a

maximum (at about 27r/x = 2.4) end eventually moves over to

" w/2<0<n (27r/r> 3.0).

As the particle size is increased, the total scattered
intensity in;reases dramatically (about 10,000 as 24r/)\ changes
from 0.5 to 6.0 for éxample). Also, the number of lobes increases
from one at 27r/x = 0.5 to several dozen 55 2qr/\ approaches 10.
Obviously the number and position of these lobes depend on the
ratio r/a.

| If these large particles are :andqmly‘distriﬁuted, the
intensities add directly, if the criteria for independent scattering

17 times that

holds. The scattering intensity is greater then 10
for Rayleigh scattering. Mie scattering depends uéon the nature
of the particles, their size and distribution. In general, if the

particles are sufficiently larger than the wavelength of thg

incident radiation, the scattering is‘independent of waveleﬁgth.

Mie scattering theory is complicated bécause it is a combination

of diffraction theory and diffuse reflection theory (2). An

additional intensity factor: is gained in the larger particle
scattering region where f(y) -2, since the scatte;ing cross section

is equal to twiée the geometrical cross section. Half this

amount corresponds to scattefing through large angles and the

other half corresponds to scattering through extremely small angles (L).
| Mie scattering amplitudg depends upon the electrical conducting

properties, the observation angle, and the intensity of incident
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radiation in addition to the factors discussed above. From
insulating particleé.the scattered radiation is polarized
elliptically and the major E'vector of the ellipse is rotated
oppositely on either side of thé incident beam. The value of the
polarization is independent of the mode of polarization of the
incident beam for small angles. -

Mie scattering froﬁ ﬂomogeneous, transparent, isotropic
spherical particles is now discussed with particular regard to the
scattered intensity as a function of the angle between the plane
of polarization of the incident beam and the plane defined by the
incident and scatteredbray directions (calleda here), and to the
degree and plane of polarization of the scatteréa light (5).

(1) The plane of polarization of the light scattered from

spherical, homogeneous, optically inactive particles of arbitrary.
size (such as water droplets) will be the same as if a portion of
the incident.beam had simply been reflected by an ideal mirror

placed at the particle position. Thus, in heterodyne experiments

the'polarization of the referenced beam and of the scattered beam

will always be the same at the photomultiplier as long as the

- scattering particles have the properties listed above.

(2) The intensity of scattered light will generally depend upon

the angle between the plane of polarization of the incident beam

. and the plane defined by the incident and scattered ray directions.

A general exception to the second rule occurs if the index

of refraction of the parﬁicle'is sufficiently large. In this case
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the scattered intensity is i;otropic about the incident ray
direction.

Approximate exceptions also occur for particular particle sizes,
which depend upon the index of refraction of the substance and the’
wavelength of the irradiating light. - For example, water droplets
of 0.2y radius will scatter 6328 8 1ight isotropically about the
incident beam diréctioﬂ;. Polystyrene spheres of 0.25, radius wil;
behave similarly.

A special case is that 9f backscattéring. Since the angle ©
between the incident and scattered rays is 180° for backscattering,
the scatteredbintensity cannot be a function of @. This is a
perfectly general statemént, and is also true éf course for forward}
scattering (6 = 0°).

Mie scattering is practically independent of the wavelength
of the incident radiation, especiaily in:.the larger pérticle sizes.
For metallic.particles the scattered radiation is dependent on the
mode of polarization of the incident radiation. If the incident
radiation is linearly polarized the polarization of the ;cattered
radiatioﬁ ié conserved.

Therefore, Mie scattering (or more accurately, modifications
of Mie scattering) i§ a rather undesirable but necessary compromise
for the present study. Any deviation of the particles from a
spherical configuration or any distribﬁtion in particle sizesl

'éomplicates Mie theory to the extent that it is useless. The

difficulty of theoretically analyzing this type of scattering
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suggested that a direct experimental attack was desirable. 1In
fact most of the studies of scattering from particles of Mie
dimensions have resulted in tedious tabulation of the intensity

and polarization functions in relation to the particle diameter-

'wavelength ratio, angle of observation and other pertinent parameters.

B. Miscellaneous Effects. There are several phenomena that occur

when photons come in contact with material particles. The effects

of these phenomena in relation to these studies are now considered.

1. Power Density. The power concentration of a 50 mW laser beam

focused to its diffraction limit is given by

S = Al:ig = {0.1257 cme)_(_SO mW) . (11)
A (0.6328 x 10" *cm)€ (L0 em®) -
= 90 W/cm2
where | A = area of transmitting antenna (laser beam diameter)
P = transmitted power (output of laser)
A = vacuum wavelength of transmitted radiation
f = focal length of focusing lens
S = power density at focal point.

This was experimentally shown to be sufficient power to melt

low-melting polymers.

2. Radiation Pressure. If a particle having a radius of Su,
for example, undergoes collision with a beam of power density

19 newtons.

90 W/cma, the force exerted on the particle is 3 x 10~
The equivalent acceleration of this particle is 5 x 10'h mm/sec2

which is insignificant as compared to the values under consideration.
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3. Field Strength. The field strength existing at the focal

point is given by

e
[}

(1207 8)%

(120 7. 90 W/em?)®

184 V/em. (12)
This magnitude of field strnegth is not sufficient to disrupt the
normal linear optical processes occurring at the focal point,

since the binding strength in the material is of the order of'lO8

V/em (2).

I Doppler Energy Equivalence. The Doppler signal is seen as a

frequency shift. At a-giveh angle of observation this correspoﬁds

E = hf, - hf, = hf (13) |
where E = energy equivalent ;
h = Planck's constant '
~ £, = Doppler frequency shift. ' T o

At a Doppler frequency of 10 MHz the equivalent observed energy i

]

shift is

(6.6 x 10727 erg sec) (10 x 106

=
n

Hz)

66 x 10”2+ ergs

which is in the range of translational energies, and is therefore

insignificant.
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IV. EQUIPMENT

A. Introduction. Equipment which was used throughout the

experimental studies will be described below. Equipment that was
used only on specific studies will be described under those studies.
Several instruments of a given kind were used interchangeably
depending upon which factor was being stressed. Therefore, they
will all be described. | )

1. Radiation Source. The light sources used in this study were

helium-neon lasers operating continuously in the TEMoo mode with

‘plane-polarized output and emitting a single wavelength of 6328 §.

During the study four different lasers were used with specifications
given in Table 1. Of course, the power output of the lasers varied
with time because of the inherently short lifetime of the plasma

tubes. The power was measured with a Spectra-Physics Model 401B

" power meter,

2. Spectrum Analysers. The majority of data was readout on

spectrum analyzers. A Singer Model SPA-3/25a spectrum analyzer

~ was usually used, but two other instruments were used in certain

frequency ranges. These were Tektronix 1L10 and 1L20 spectrum
analyzers. The salient characteristics of the three spectrum

analyzers which were used are shown in Table 2. The above valugs'

are inter-related and therefore the value of one depends upon the
setting of others. These values were measured at half peak height.

Generally the value is increased by 2.0 at 5 percent of totai

.peak height. The Singer spectrum analyzer has an input impedance
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of T2 ohms;'the two Tektronix instruments have an input impedance

of 50 ohms.

The sweep rate.is a major problem with the Tektronix spectrum
analyzers used in Tektronix 585 oscilloscopes. At low sweep rates
the_résolution is maintained, but phosphorescence of the CRT screen
is too short to study the display well; at higher sweep rates
where the CRT display is acceptable, the resolution and, therefore,
peﬁk amplitude deteriorate.

3. Photodetectors. The optically mixed beams were heterodyned

on the photocathode of a photomultiplier. Three different
multipliers were used at various times during the studies. Table 3
lists the pertinent information for these photomultipliers. The
data were taken at approximately 25°C.

A 50 ohm load resistor is used to ingrease frequency response
and to match the ihput impedances of the spectrum analyzers and
the amplifier.

The high voltage (Model LOSB manufactured by John Fluke, Inc.)
D.C; power supply for the photomultiplier is highly regulated
(0.001 peréent), has high thermal stability (20 ppm/OC), and has
good long-term drift characteristics (i_0.00S percent/hour,

+ 0.03 pe:cent/day). The voltage divider consists of zener diodes
bypassed by low values of capacitance to permit stable operation
at both high and low frequencies. The zener diode divider permits
a magnitude gain in signal/noise ratio over resistive dividers.

L. Amélifier. For certain very low sigﬁal levels a high-gain,

high-frequency amplifier is necessafy. ‘The Model 4366E wideband
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amplifier was made by C-Cor Corporation. According to C-Cor it has
an equivalent noise input of 40y V and a 50 ohm input and output
impedance. The 40 uV equivalent noise input is spread over a
frequency range up to 200 MHz (i.e. the noise is 0.2y V/MHz). In
terms of the maximum IF bandwidth 6f a spectrum analyzer equal to

20 kHz, the noise becomes 0.0ly V. Here the noise is insignificant.

B. Particle Studies. Various types of particles were studied to
give a better idea of the necessary particle properties. Metals |
(aluminum, steel, graphite, amorphous carbon), planar dielectrics
(paper, plexiglas, glass beads, mycalex, white paint, and zinc
orthoéilicate), and volume scatterers (Teflon, polyethylene, and
particles suspended in liquids and solids) were studied under

various conditions. Several of the particle étudies (graphite,
amorphous carbon, glass beadé; zine orthosilicate, Teflon) were

made using static systems. The basic arrangement is shown in Figure 1,
where the components are as labeled. The motor was used only for
dynamie studies; Since a primary factor to ﬁe considered in the
selection of particles was the intensity of backscattered radiation
and its spatial distribution in the back 2r steradians of space
centered about the focal point, many of the initial studies were

made by visual observation of the backscattered “light characteristics.
This permitted obtaining general information about several

scattering systems. Those séatterers found §uitable in these tests
were then subjected to more rigorous tegts. Since the particle

size had been limited to those whose secondary radiation obeys |

Mie scattering theory, large flat particles and small (molecular)
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size particles were eliminated from the experimental studies. After
the scatterers had béen thus selected, they were studied in more
detail. |

The preparation of the scaxtéring surface depended upon the
desired scattering‘characteristics ahd the dielectric and physical
characteristics of the substrate material. Sqft metallic
scatterers (gluminum) were prepared by using SiC or by sandblasting

the surface under conditions of different abrasive velocity,

particulate size, blasting time, and nozzle-to-surface distance.

Hard metals (steel) were conditioned with various grits of aluﬁina
or SiC rubbed on the surface in random directions. Rubbing the
substrate in a single direction produced a reflective diffraction
grating which oriented the backscattered light in a plane, leading.
to a low duty cycle, pulsed réadout as the plane rotated about the
incident optic axis.

The dielectrics as a rule required special treatment. Teflon

and polyethylene, which are dependent scatterers because of their

- physical composition, required no special preparation other than

removal of surface scratches to eliminate surface interference.
Other volume scatterers were made of paint pigment suspended in
silicone resin. The pigment was separated from highly reflective
paint supplied by 3M Company. The silicone resin; were two-
component optical quality resins having greater than 90 percent

transmission. They were Dow Corning XR-63~493 resin and General

Electric RTV-615A resin.
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Plexiglas was treated with various chemicals in which it is
soluble. None of the surfaces vere suitably uniform. Plexiglass
waé sandblasted to produce a surface closely analogous to a
gaseous or liquid systen with suspended particles. That is, the
forward-to-backward scattering ratio could be varied to match
that of various particle concentrations in a fluid system. White
paint pigment supplied by 3M Company was applied to substrates in
two different ways. First, the paint was simply applied as a

liquid and permitted to dry. Secondly, the pigment was separated

from its carrier and binders and applied to a polystyrene disc as

a dry powder.

The flat surface of a graphite welding elecérode was used as
a scattering medium. It received no surface treatment. Amorphous
carbon. was suspended in a vola&ile liquid and allowed to deposit
onto a substrate. Zinc orthosilicate powder was prepared in the
same manner. Various grades of paper vere attached to the surface
ofa disc and studied. A mycalex disc was prepared and studied
under dynamic conditions. Glass beads were studied under‘

static conditions and were not attached to a substrate.

C. Study of System Parameters Using Rotating Disc. A single

basic system was used for this and subsequent studies. ‘A modular

concept was developed to permit éasy ex?hange of components and’

removal or addition of components as the study demanded. Figure 2

shows this basic system. Changes in succeeding experiments will

be referred back to this figure.- The components are &s labeled -
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in the drawing. The rotating disc was driven throughout most of
the study by a 400 Hz alternating current motor. A Behlman-Invar
Model ‘503A Invertron frequency generator was used after it was
found that the speed of a regulated direct current motor was not
stable enough. This arrangement provided an extremely stable disc
rotational velocity which was_reflected in a constant Doppler
frequency shift.

The system optiég were critical and evolved because of the

necessity of maximum incident intensity upon the scattering medium.

‘The mirrors were made by metal deposition upon an ultraclean optically.

flat glass substrate. First, an opéque coat of titanium was evap-
dréted onto the glass surface to form a good gla;s—metal bond.' Next,
a thick film of gold was evaporated over the titanium. The freshly
evaporated metals were exposed to an inert atmosphere until they
had cooled. This procedure produced mirrors which reflected
greater than 95 percent of the incident radiation at 6328 angstroms.
This figure is very near the maximum value obtained for metallic
films (9). '

The beam splitter is a commercially available dual prism
arrangement with internal metal reflectors. This beam splitter
has the following salient values: absorption 8.9 percent,

reflection 41.1 percent, and transmission 50 percent for one beam;

and absorption 21.T percent, reflection 28.3 percent, and trans-

" mission 50 percent for the other heterodyned beam. The modulation

indices are 0.822 and 0.566 respectively for uniform beams.
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The original lens used in the optical network for early
experiments had a focal length of 8 inches and a diameterlof SIinches.
These dimensions were ideally suitable for the studies, because of

the small f/number and large sampling angle, ©. The f/number was

'determined by the 2 mm laser beam diameter, not by the lens

diameter. However, the loss of light being transmitted through
the lens was rather high because of the deterioration of the anti-

reflective coatings and inhomogeneities in the lens (see Figure 3).

A corrected lens from a Tropel i-inch collimator with a focal length

of 40 cm and a 10 cm diameter with high quality anti-reflective
coatings was substituted in later studies (see Figure 4). It has
a transmission of 92.9 percent. Figures 3 and L are effectively
plots of the distortions across the radius of each lens.

For longitudinal mode studies a gléss retarder was intfoduced
into the shorter . beam (leg number 2 in Figure 2) between the lens
and the beam splitter. A mirror was sometimes introduced into
the other two mixed beams emerging from the beam splitter Fo pro=-
vide'a larger light flux on the photocathode and a resultant signal

increase.

D. Polarization Studies; A Spectra Physics Model 310 polarization

rétator was the primary instrument used in the po}arization studies.
Fof studying the effect of orientation of incident E vector it was
placed in the unmodified beam from the laser. Its transmittance
was 95.5 percent and its extinction was 1000/1. It was placed in
one of the legs of the heterodyne neﬁwork'(seé Figu;e 2)

for the stidies of heterodyne efficiency as related to orientation
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of the polarization ellipse produced by Mie scattering. For some

of those studies polarizers were introduced into both legs of the

heterodyne system. A Hewlett-Packard 4254 voltmeter was used to
read out the data from the photomultiplier. An aluminum disc wés
used in the metellic studies and a disc painted with 3M paint
pigment was used in the dielectric studies. Various sizes of
apertures were used in the study of individual lobes.

E. Studies of Solid Volume Scatterers. In the study of solid

volume scatterers the disecs ﬁsed in previous experiments were
replaced with volumes of the same diameter as the dises bﬁt with
substantial depth. This volume was molded of optical quality
silicone potting compounds with a homogeneous mixture of suspended
3 paint particles. The motor on which the scattering volume was
mounted was placed on a sliding plgtform and was driven with a
micrometer screw to provide accuraie measurement of the location
of the focus within the scattering volume. Some studies were made
with the incident beam impinging upon the edge - rather than the

flat sﬁrface - of the volume. In this case the motor was mounted'

with its axis in a vertical position. It was still moved along the .

optical axis which was then perpendicular to the motor axis.

F. Liquid Volume Scattering Studies. The motor arrangement was

replaced with a flowing liquid system in which pigment particles
were suspended. The chamber was made of one inch aluminum channel
with square cross section. Two high quality microscope slides

were mounted opposite each other in the center of the.channel which

-
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vas long enough that the criteria for laminar flow could be fulfilled
on either side of the windows. The particles were suspended in
water and the dilute solution was pumped in a continuous cycle by
a centrifugal pump. The velocity of the fluid was controlled by
a valve located on the exit side of the pump. The expansion caused
by temperature changes was compensated for by a capacitance located
in the fluid line. Extreme care was taken to prevent air bubbles -
being introduced into the fluid, since their presence would affect
the accuracy of the readout. Flexible tubing was used on both

ends of the scattering cham'bgr to minimize vibrations being

. transmitted into the optical network. The system was completely

closed to prevent contamination and to help eliminate air bubbles.

e v - v g« = o
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V. EXPERIMENTAL AND THEORETICAL RESULTS

The results of the experimental and theoretical studies out-
lined previously did not frequently present concrete quantitative
results. Much of the information was relative to information obtained
from other systems. Thefefore, long lists of data can not be in-
cluded. However, the information obtained is of significant va.lue_‘
in reiation to understanding the behavior of the optical.system
and in the attempted optimization of this system.

The following sections contain the results obtained under

" various constraints imposed upon the system and discussed previously.

The parameters studied within these broad constraints were related

to the scattering particles, the basic experimeﬁtal setup, variables
that affected this basic setup, and the utilization of the results

leading to a system with optimum characteristics.

A. Study of Scattering Centers (Experimental). The results of

the study'of'yarious scattering particles and their interaction with
optical radiation are presented in Table 4. Those scattering
centers which were visually examined and eliminated early in the
studies are rated relative to one another. Those which were more
thoroughly studied have a signal-to-noise ratio specified in the'
table. The signal-to-noise ratios are small because of the low
signal—to-noise ratios of the output beam of thé.0.5 mW Perkin
Elmer Model 5200 laser used in the studies.

B. Design of Basic Experimental Setup. Part of the purpose of

this research was the evolution of a suitably optimized experimental
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device which would serve as a basic element for devices for possible

‘field use. Of course, a well planned and theoretically substantiated

configuration was necessary in the beginning. This initial concept
is shown in Figure 2. The result of the evolution depended upon
the other studies and is included in Figure 1h.

c. Alignment of the Heterodyned Beams. Misalignment of light

rays within beams and misalignment of the beams themseives in a
heterodyne system cause a rapid loss in heterodyne current. The
causes of loss of heterodyne current related to the various
pbssible ﬁisélignments are taﬁulated in Table 5. The information

in Table 5 is in agreement with the theoretical treatment of Lee

(10).

Coincidence of the two beams over 30 feet is necessary for
alignment within 2 seconds of arc. ‘A suitable compromise with
distortions caused by the lens was determined ﬁo be between 15 and

20 feet.

D. Effect of Disc Velocity on Data. The stability of the

velocity of the scattering particles played an important pért in
the accuracy of the readout. Rapidly changing velocity produced
anveffective broadening of the spectrum analyzer display; slow
changeslin.velocity made it almost impossible to read the value

of Doppler frequency from the spectrum analyzer display screen.
With a highly stable frequency out of the power supply the velocity
was constant, and the velocity calculated from experimental valuss
of the Doppler frequency agreed with'those from the known disc

velocity.

e — e e e
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E. Location of Limiting Apertures.(Effect of Variation in Obser-

vation Angle). The location of the limiting apertures in the
backscattered radiation determine the magnitude of the observation
angle and the observation plane. The'percent error introduced by

assuming the Doppler frequency to be linear with aperture position

. within certain geometrical limits is tabulated in Table 6.

F. Causes of Freguency Spread. Several factors were thought to

possible have an effect upon the width of the Doppler frequency
aisplgy on aAspectrum analyzer. Both those that had no effect
under the constraints imposed on particle size distribution, size,
concentration and on system configuration and those that did have
an effect under the given constraints were studied. Several were
eliminated because of scattering particle characteriétics,

others were eliminated because of the symmetry of the heterodyne
systeﬁ. The results of the frequency spread studies are given in
Table T.

G. Isofrequency Lines. Contours of equal frequency existed on

either side of a vertical line perpendicular to the optic;l plane
and interéecfing the major oﬁtical axis. These contours were
symmetrical about this line. A plot of the isofrequency lines
transversed by the nofmally used sampling points (corresponding

to limiting apertures located approximately 6° on either side of

‘the optical axis) is given in Figure 5 and tabulated in Table.8.

H. Frequency Measurement Limits. There were found to be several

e;emehts in the system which could limit the Doppler frequency

and therefore limit the maximun and minimum particle velocities
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which could be measured. Most of these limits did not affect the
study of two- and three-~dimensional scatterers or laminar
flowing systems. However, the upper frequency limit of the Singer
SPA-3/25a spectrum analyzer did limit the velocities under certain
high frequency conditions. Of course, the lower limits of the
Tektronix 1L10 and 1L20 spectrum analyzers did limit measurements
on the low frequency end. The upper and lower frequency limits
are not basic but depend upon the various electronic elements in
the system. These limits are given-in Table 9.
I. . Egiég. ‘Several sources of noise were found to exist within
the optical syétem. - All contributed to the signal-to-noise and
some were impossible fo eliminate. The laser contributed most to
the noise. Some incoherent sources such as'ambient light were
intolerable. The noise caused by electronic devices was minimal.
The sources of noise with their magnitudes are given in Table 10..

J. Intensity and Signal-to-Noise Ratio. The signal-to-noise ratio

as read on the CRT of the spectrum analyzer determines the minimum
amount of heterodyne current vwhich can be measured. If a large
noise level is introduced by ambiént iight or by unheterodyned lager
light, the signal may be attenuated to an extent that it cannot

be resolved from the large amplitudevnoise. There were several
sources of noise in the system which caused a regultant d;éféase

in signal-to-noise ratio. The largest attenuation occurred at the
scattering medium. The causes of low signal-to-noise ratio are
tabulated in Table 1l. The relationship between the photomultiplier

characteristics and signal-to-noise ratio can be ascertained from

Table 12.
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K. Polarization Studies. The optical components contributed to.

the state of polarization of the radiation at different points in
the system. The orientation of the incident ﬁvvector made no contri-

bution to the data. The effect of the gold reflecting mirrors on

the polarization of light is presented in Table 13 and Figure 6.

The effects of the beam splitter on the polarization of both the
transmitted and reflected beams are presented in Figure T and in
Table 14. The effects of aperture diameter on the eccentricity of
the polarization ellipse for a dynamic scattering medium are given-

in Table 15. The relationships between the scattering angle and

' + k3 » 3 3 - - - -
the E vector orientation ¢ for maximum and minimum intensities

and the ratio of major to minor axis for the polarization ellipse

are given in Table 16.

L. Solid Volume Scatterers. The volume made of optical quality
silicone resin with sﬁspended particles from 3M Velvet Coating

was studied to determine the additional effects caused by‘a three--
diﬁensional scatterer. The concentration of particleé was chosen
to prevent both dependent and multiple scattering. When ‘the
scattérer was oriented so that the motor axis, velocity vector and
incident light beam were mutually orthogbnal, the depth of the
sampling volume within the silicone resin was read out as a |
Doppler frequency on the spectrum analyzer. Thig frequency was
linear with the depth of the focal point within the scattering
volume. The scattered intensity varied from a maximum at the
surface of the silicone resin interface with air, through a long

flat plateau within the silicone resin, then.to another maximum
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at the interface of the silicone with a metal supporting cylinder

mounted coaxially about the motor axis.

M. Liquid Volume Scatterers. The flowing liquid system was

used to determine the additional effects of a flowing fluid upon
the data obtainéd using two- and three-dimensional solid scatterers.
Air bubbles suspended in the flowing stream.produced such a low
backscattering intensity that they could be ignored. The accuraﬁe
measurement of data was hampered by the low velocity of a laminar
fluid which positioned the Doppler frequency peak in the region

of the longitudinal mode noise caused by the Spectra-Physics 125
laser. The width of the Doppler frequency line was less than

the 50 kHz linewidth of the spectrum analyzer. fhe‘vdlue of the

Doppler frequency was approximately 250 kHz.
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VI. DISCUSSION OF RESULTS

A. Study of Scattering Centers (Experimental). As can be seen

from the theoretical discussion on page 10, the best light
scatterers would be flat dielectric plates of low density and
high polarizability oriented with their plane faces perpendicular
to the incident_radiation. These, of course, cannot be used
because of their necessarily time-variant orientations in
turbulent systems. The next best alternative appeared to be
perfectly spherical dielectric particles of uniform size. There-
fore, much of the experimental work has been oriented toward
finding this type particle. However, these are not necessarily
superior for experimental studies and as a result other systems
were studied. |

Since one of the primary goals of this study was to
ascertain the variables which contribute to the readoﬁt;'it proved
neceséary to develop an understanding of system parameters and
anomalies in a logical manner.

'The particular approach which was selected was to simplate
possible particle systems in a well defined two-dimensional domain.
This permitted a suppression of several variables which would be
présent in a three-dimeﬁsional turbulent gas or liquid system.
This approach permitted an independent study of many of the
parameters'of the measuring system.

The experimental arrangement for measuring the characteristics
of the scattering centers is shown in Figure 1. The aﬁount of
light séattered from the disc was measuréd at specific angles

relative to the incident beam. The relative ﬁagnitudes of the
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signal-to-noise rafios as developed by the scattered light were of>
greater interest. Because of the primary purpose of obtaining
scattering centers which gave lobes that were rotated at preseiected
angles and which were of high inténsity, precise quantitative
data were not taken. Despite this, considerable effort was expended
toward the selection of the appropriate surface. The results 6f
this study are given in Table L,
The study of these surfaces were based upon the necessity for
knowing the following:
1. Effect of particle size on scattered light lobe shape,
orientation, and intensity.
2. Effect of particle concentration on the.above lobe
duaiities. | |
3. Effect of particle size distribution on the same
~qualities. “
h, Effécﬁ of substfate condition on the above qualities.
5. Effect of methods of producing the particles on the
above qualities. '
6. Effect of the nature of the material of‘which the
particles were formed upon .their characteristics
(color, shape, electrical conductivity, etc.).
The size, shape, distribution, and conéentration.of the different
particles were determined ﬁsing a shadowgraph and a 430 power micro-
scope. The opague substrates caused the normal forward scattering
lobe to be folded back aloné and to either side of the incident

\

bean.
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In general the following methods of application or formation
of particles were used:

1. Chemical treatment of soluble substrates — Approximately
thirty chemical solvents were brushed, sprayed, or poured on clean
plastics such as plexiglas or lucite. The most uniform results
were obtained by pouring,acrylonitrile over plexiglas. Bis
(2;methyoxyethyl) ether and pyridiﬁe were roughly comparable.
However, several problems were associated with this technique.

The partiéle sizes werebso small that the backscattering lobeS’were_
dim and distributed over a large solid angle, the particle con-
centration was so high that the scéttering was dependent, and
the uniformity of particle distribution was sufficiently poor to
give a consfaptly changing signal-to-noise ratio as the disc was
rotated. The signal-to;noise ratio varied from practically unity
to aboﬁt four-to—one.‘ Additional appliéations of acrylonitrile-
helped the uniformity problem, but other considerations ruled out
the use of this technique. |

‘2. Bulk graphite — The flat surface of a graphite el;ctrode
was usea as a.scattering medium. In fhis case the graphite is a
'good absorber'and the backscattered intensity is low. The graphite
platelets which acted as scatterers deviated severely from the
developed Mie theory, which considers only spheres.

3. Mechanical deposition of powder on substrate — Carbon
black deposited oﬁ a substrate was rejected because it absorbed

a great deal more incident light than graphite. Zinc orthosilicate
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deposited easily, had particles in the desirablevsize region
(=:20u); and absorbed little incident radiation. However, since
the particles were not of uniform shape, and the scattering
occurred over a large solid engle, it was not possible to orient
the back scattered lobes at the desired angles.

L, Paper — Several grades of paper varying from high-quality
tracing paper to rough_cleaning tissue were used. The highest
quality tracing paper presented particles of non-uniform size,
distribution and shapé. The resultant scattering from the surface

was exceedingly random and the lobes. could not be shaped. The

‘'scattering from the cleaning tissue was not intense enough to be

seen. It can be speculated, however, that there was also a great
deal of highly random scattering since the paper, when magnified,
was extremely non-uniform with scattering centers mofe closely
approximating cylinders than spheres.

S. Glass based discs — Mycalex, a solid mixture of mica
and glass fragments, had a large amount of reflection. However,
a gfeat deal of scattering occurred below the surface causing the
net scattering to be dependent. Films deposited on gléss substrates
and partialxy»etched away were not successful because of the
difficulty of standardizing the particle sizes, ghapes, and distri;
butions. Thé backscattered lbbe was shaped well and was located
coaxially about the incident beam.

| 6. Metal surfaces — Metal surfaces were usually prepared

by sandblasting or sandpapering. ' The particle_sizes were determined

.
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by the size of the sandblasting particles or the grit of the
sandpaper (8iC). The scattering from éome of these surfaces was
surprisingly'independent as indicated by the minimal lobe inter—.
action. This is probably becaﬁse of the three-dimensional nature
of the discs — as if'the particles were suspended on a substrate
whose reflected light originates from a plane sufficiently deep
within the disc to not interfere with the desired scattering. The
independence could be improved by aﬁplying more force to the sand-
biasting particles or to the sandpaper. The 'smoothest" surface
was prepared with crocus cloth and-was completely unusable because
'of an almost matted finish causing a severe loss in intensity. The
roughest surface was made with "pebble" size san&paper and had
purely diffuse scattering with low efficiency. Intermediate parti-
cles provided better scattering intensity and lobe distributions.
The lobes could be shaped and rotated relatively easily by varying
some of the pafameters mentioned above. Of course; the ideal
conaition would be a large backscattered lobe.envelope,.elongated
along and adjacent to the incident axis. |

Obtaining uniform surfaces with either of these techniques

was not difficult. In sandblasting, the distance from the point

' source of abrasive to the surface under preparation was the key

to uniformity. In sandpapering, the biggest problem was to
insure that the lines formed by the sandpaper were broken up into
small segments.. If this were not déne, the radiation scattered
from the lines produced a directioﬁnéensitive patﬁern. In ihis

case a small angular segment contained the majority of the re-emitted
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radiation and varied its spatial position as the disc was rotated.
The resultant readout consisted of good data for a small portion
of a cycle and no discernable data during the remainder of the
cycle. This problem was eliminated by sanding the surfacg in a
completely random manner. The scattered radiation‘was only
slightly depolarized so that under many conditions the heterodyned
signal was reduced because of an angle between the ﬁ>vectors.of the‘
two heterodyned beams. Steel was the most efficient scatterer; 1
aluminum was the least efficient when prepared by sandblasting.
Aluminum prepared with sandpaper became the standard for future f
studies. The scattering centers on it possessed diameters of .
approximately 10 microns. .

Dielectric surfaces were also prepared by sandblasting.
It was not possible to use sandpaper or alumina because of the
large amounts of abrasive material remaining in the surface. Di-
electric surfaces prepared by sandblasting were good analogies to
a laminar fluid flow carrying suspended scattering particles since

1

the ratio of forward to backward lobe intensities was preserved.

' However, it ﬁas impossible to get good quantitative data from the

backscattered lobes because of the low scattering intensity

using the laser availﬁble at the time these stu?ies were made.
The partiélé sizes, densities, shapes and distributions were
suitable. Surfaces prepared vith available alumina powders weré ‘
unéuitable, because fhey beconme attached to the sqrface making

good absorbers.
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T. Painted surfaces — The most effective scattering surfaces

have been prepared by using a highly reflective enamel manufactured
by the 3M Company (NEXEL Brand velvet coating No. 202-A10 whlte
enamel). The particles of pigment in this enamel more closely
approximate the spherical, uniform size, dielectric spheres
described by Mie theory. The 1obés from this paint cannot be
shaped at will but the scattered intensity is sufficiently h1gh
to recommend the use of this scattering system over any of the
others. The scattering properties are not 31gn1ficantly changed
by mechanical contact and the particles can be used continuously
atA160° F. Apparently, the absofption by the pigment is low and
the scattered intensity ;a high 9ndlessentially uniform (Except*’“"
for the fine lobed structure inherent in scattering of coherent
light) over 2x steradians. According to the manufacturer it
"provides directional reflectance more uniform than a freshly
sanded magnesium carbonate block..." (the optical reflectance
standard).. .

' It was possible to separate this pigment from its vehicle
into a dfy powder. This powder was applied to plexiglas sﬁrfaces
to provide an analogy to a flowing stream with suspended scatterers.
The forward-backward intensity ratio was consistent with that
anticipated for particles of this size (=~20u). In fact, the

pigment was sufficiently efficient as a scattering medium to use

it as the contaminant in a recirculating laminar or turbulent

fluid stream. ' The cost was smail enough to permit its use for
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this purpose but the separation process was not efficient enough
nor the cost small enough to permit the use of the pigment in systems
that do not recirculate.

The pigment was more efficient for backscattering than other
commonly mentioned scattering particles, having a scattering
efficiency greater than 85 percent. Water has a low refractive
index and jis: transparent; therefore, it transmits an appreciable
amount of light. Spherical glass beads and plastic spheres are
readily available but suffer from a higher transmittance. An
additional problem with any transparent particle concerns its two
surfaces.

A transparent spherical.particie may be considered as a short

focal length lens with a highly curved mirror placed in series.

Light incident upon the first surface is scattered. Then some light

is transmitted to the second surface where it i§ agéin scattered.
The two backscattered waves presént two wavefronts to the readout
device. In addition, appreciable interference occurs between the
two wavefronts. Therefore, the intensity of radiation scattered
from transparent particles is reduced not only by the more efficient
transmission but also by the interaction between the two surfaces
of the sphere (depéndent scattering). Nqnspherical particles
introduce more complex considerations. )

Carbon particles, as mentioned before, absorb light and
are thus more inefficignt as scatterers than the pigment.

Studies were made on volume.scatterers. The available T

scatterers were‘polymers and did not give independent scattering.



b7
Bulk Teflon (which is thought to be a combination of amorphous and

crystalline material) and polyethylene were used. Their dependent,

multiple scattering was immediately obvious since the entire dise

became a secondary emiftér of the incident radiation. Volume scate
terers made of silicone and 3M pigment will be discussed in a
later section.

All of the dielectric particles mentioned above scatter any
incident radiation as elliptically polarized light. The metals
preserve the polarization condition of the incident light. Each
of the small lobes ‘making up a large lobe consists of slightly
different degrees of elliptical polarization. Therefore, the size
of the readout apertures are important in 0ptimﬁm matching of polari-
zation-vectors. However, the size of the aperture is more important.
in its own right above certain small diameters, since doubling the
area of the aperture doubles the signal. However, as a maximum,

it is only possible to approach doubling the signal by matching

- polarization vectors.

B. l Design of Basic Experimental Setup. Since the conffguratioh

used in this study differs considerably from previously used
arrangements, reasons for its selection will be discussed. The
backscattered configuration was initially chosen because of the

desirability, énd indeed the necessity, of using it in its ultimate

application of determination of the flow about the base of a

" rocket. The symmetric¢, dual scattered beam heterodyne configur-

ation (see Figure 2) was éhosen bgcause‘of the inherent ability
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of the arrangement to cancel the frequency spread because of the
finite width of the limiting apertures (16) and to compensate for
changes in modulation index caused'by time variant scattering in-
tensity. By using the symmetric configuration the effective
Doppler frequency shifﬁ is approximately doubled, and the. spread
in this range of frequencies is that possessed by an aperture

approaching zero diameter.

, If a single scattered beam were beat with the unshifted

incident beam as was done in previously described systems, the
frequency spread would be a linear function (at small observation
angles) of the aperture diameter. This measurement was made by

scanning a slit across the beams perpendicular to their axes.

'This can be seen by considering the equation relating the frequency

of the Doppler shift to the angle of incident radiation relative
to the velocity vector and the observation angle relative to the

incident beam:

= 2V 5 8 e '
fb_— o sin 3 (y + > ) (1)
‘where vn = velocity along a given axis of a coordinate

system centered at the focal point
A' = vacuum wavelength of the incident radiation
(6328 & for a He-Ne laser) |
@ = observation angle relative to igcident radiation
¥ = angle between the velocity_component and the
incident radiation

fD = magnitude of the Doppler frequency»shift.
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. For a system in which ¥ = 7 /2 and the incident radiation can be

approximated as having no beam size or convergence angle, the
equation becomes simply

£, = ;% sin 0. - ' " (15)
For calculating the center frequency at vhich the Doppler shifts
occuf, this approximation becomes exact.

Optical filters must be introduced in the incident beam to
attenuate the amplitude to a value equal to that of the single
scattered beam. The filters introduce interference fringes which
cause an increase in noise and a resultant decrease in signal-to-

" noise ratio. The uniform radiation pattern of the incident beam
mixed with the lobed structure of fhe scattered beam also contributed
to the deterioration in signal-to-noise ratio.

The symmetric heterodyne techniques chosen for this study
eliminates many of the problems of the single heterodyne technique,
Here it 1s'nécessary to modif& equations 1k and 15 to compensate
for heterodyning occurring as a result of mixing two Doppler
shifted beams.togethéf rathef than mixing one shifted beam with

the unshifted incident radiation. The three-dimensional'equation

was derived by Dodd (5)

- " * *
fyz = 2/a (vz cosa, , + vy sxnayz) sin @ |
' s °
fzx = 2/ (vx cosa, +V, 31nazx) sin ©
fxy = 2/A'(v& cosa . + V. sinaxy) sin © ' (16) 5

where the double subscripts indicate the plane in which the

readout was taken and the single subscripts indicate the axis on
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which the velocity vector was projected. The angle between any
one of the cartesian axes and the velocity vector in a gi&en jlane
is “mg' Thg total angle of observation, 0, is taken between the
two heterodyned beams.
For the symmetric system uﬁder consideration fzx’ £ ;'andayz

Xy
are zero so that the Doppler frequency becomes

‘ 2vz ,
£y = f&z = = sin e (17)

- which is exactly twice the value of a singleisided heterodyne system

as given in equation (15). Equation (16) must be used for a éystem
in which O is pfesent. |

The initial reason for choosing the symmetric configuration was
to take advantage of doubling the Doppler frequency shift. This
immediately permited ignoring some perturbations that occur at low
frequencies - laser mode noise, mechanical vibrations, relatively
low frequency electrical pickup, etc. In addition, within a given
spectrum analyzer dispersion, a higher center frequency permits a
lower error relative to the center frequency. The error caused by -
the ﬁncertainty of readout is constant with dispersion for a linear

dispersion scale.
o

Additional problems occur vhen a scattered beam is heterodyned

Lile

with a beam taken from the incident beam or from the rear of the
TTVRN AN oo

laser as was done in several experiments. The non-scattered beam is

inherently more 1ntense than the scattered beam. In the process of

DI S TN L In (YT

attenuatlng the beam to be more nearly equal to that of the scattered

N R N O T RSN L I

beam interference fringes are 1ntroduced which lower the overall

B

intensity (heterodyne current) In addztion, the system becomes

FEEYI [ Lu
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_vibration sensitive because of the movement of the interference
fringes.
. The initial design results are shown in Figure 2. The plgne
pélarized‘light from a Perkin Elmer 5200 laser with an output
of 0.5 mW impinged, after passing through several spatial filters,
upon a 5 inch lens (not highly corrécted, see Figure 3) which

focused the beam upon a rotating disc, The focal length of the

lens was approximately 8 inches. The rotating disc was mounted

on a high speed D.C. aircraft pump motor which was powered by a
series of wet cell D.C. batteries. The incident beam was focused
on the vertical axis of the disc and approximately 1.0 inch

above the horizontal axis. The vertical axis was chosen to give
symmetry of the isofrequency lines about the incident beam. The
distance from the horizontal axis was not critical and was
variable. However, as will be seen later,_the,freqnency spread ;

decreased as this distance increased. Variation of this distance

affected the frequency of the scattered radiation in a linear

+

manner.
Deterﬁination of the exact location of the focal pdint

was difficult. The best procedure suffered from the aberrations

introduced into the back Scattered beam by the lens. .Howéver,

it was used in lieu of any more precise method. .First, the |

limiting apertures and beam splitter were removed and ﬁhe

scattered light through one half of the lens was allowed to

impinge upon a mirror, which reflected the beam.over a distance
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of about fifteen feet. A large aperture, or a matrix of small
apertures, was placed in the beam near the mirrog. At the terminus
of the beam a replica of the aperture or matrii was placed in the
beam. The lens position was then varied along the optic#l axis
until the beams defined by the first aperture or ﬁatrix coincided
with the duplicate at the other end of the beam. A large aperture
or several small ones were chosen to minimize the uncertainty
caused by diffraction at the edges of all apertures. A distance
longer than fifteen feet would have been preferable except for

the barrel distortion of the lens. The location of the focal

" point could be roughly determined by placing the disc in the

focused beam and filtering out the coherent red light“normally

scattered into the eyes. The blue light which remains is focused

. to a much less intense spot near the focus for the red light.

The position of the disc along the optic axis is then adjusted
until the blue spot is of minimum size.

It was also important that the disc be perpendicular to
the optical axis invofder to maintain the symmetry of the device.
Otherwise the value of a would not be zero. |

The radiation was scattered from & point on the disc
according to the conditions of the particles on the disc as
discussed above. All of the rays that were vackscattered through
the lens were made parallel again (within limits of the correction
of the lens). Two segments on the horizontal axis spaced

symmetrically about the incident beam wefe intercepted by circular
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apertures, forming pencil beams. The distance from the apertures
to the incident beam was variable. Variation of these distances
changed the observation angle, 0, which resulted in a change in the
valuevof thg frequency of scattered radiation.

The two cylindrical beams were intercepted by a mirror and a
beam splitter gespectively and brbught together on the face of a
DuMont 6911 photomultiplier whose output was read on the cathode
ray tube of a Singer Péhoramic SPA-3/25a spectrum analyzer.

Utilizing this basic setup, some of the experiments carried

out and some problems that arose can be discussed. The primary

.experimental goal was to determine what parameters contributed

to the data and to build a solid basis for studies of turbulent
flow.

c. Alignment of the Heterodyned Beams. One of the most difficult

early problems was the alignment of the beams to an accuracy
sufficient to get a useable signal-to-noise ratio. Part of the
prbblém was a naive idea of the criteria necessary. to produce
maximum heterodyne current at the output of the photémultiplier.
Through a tedious manipulation of variables, an overall view of
the necessary cirteria began to unfold. Later, after an
unpublished report by Lee (10) became available, the close
agreemenf between the experimentally determined ;riteria and
those predicted by Lee was encouraging. The facotrs which were

found to affect the quantity of hetefodyne current are given in

Table 5.
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An additional consideration predicted by Lee that was not seen
e?cperimentally in this apparatus concerned the size of the photo-
multiplier aperture, which in this case was determined by the
0.154 inch diameter of each of the. defining apertures in the back-.
sga.ttered bean. in the process of another experiment, apertures
larger than one inch in diameter were used with no appa.rent: reduction
in‘the extrapolated heterodyne current because of loss of épatial
coherence at the large aperture. |

It experimentally waé determined that a disfa.nce of at least
15 to 20 feet was necessary as & lever arm to suitably aiign the
two beams. That is, if within the ability of the eye to resolve,
the beamé were made coterminous over a distance o.f greater than

fifteen feet, the heterodyned current was optimized as to angular

and spatial separation. Theoretically, the larger the lever arm

' the more accurate would be the alignment and the higher the

heterodyne current. However, because of a barrel di‘stortion, in

the lens, any larger distance of alignment introduced an uncertainty

‘

" which usually led to reduced heterodyne current.

The condition that the two beams coincide both vertically
and horizontally at the beam splitter was of special importance.
This criterion was ﬁ'equently hard to meet because of obvious
observation problems. There were two procedures that were mutually
complementary in determining whether the beams were sufficiently

coaxial., First, with the disc stationary the two beams were

"walked" as nearly as possible into coin¢idence. In this case the

natural room vibrations became important. If the two beans were

ol e
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completely coincident there would be a low frequency flicker of the

net beam intensity as the phase differences of the two beams

alternately attempted to cancel and complement each other. This

case was analogous to the case of two coincident non-scattered

beams which could be made to completely cancel (180° out of phase)

or complement each other — in the first case effectively cutting

off the laser, in the second case doubling the amplitude of the beam.

As the beams deviéted from coincidence, the interference was an

angular effect causing the transition from nb fringes (at

coincidence) to 1argé numbers at relatively small angles of i~
separation. Since interference no longer was angle independeﬁt,

it was not complete over & long linear segment of the beg?s.

Therefore, the positioning of the photomultiplier became critical

~ and the system was vibration sensitive. An alternative was to look 4

at the low frequency Doppler signal on an oscilloscope, and adjust
it to maximum. This was impractical with the spectrum analyzer.
Obviously it was desirable to have the light spread over as much

of the interferigg: beams as possible. A technique that vas felt
would help compensate for misalignment was to fpcus the beams onto
the su;face.of the photocathode. This would make ali rays parallel -
at the focal point.. This technique was soon discontinued because

of the sensitivity to yibration as the photocath;de mechanically
oscillated about the focal point, and because of a reduction in
heterodyne current due to losses at the lens. Later, the basic

concept of focusing the heterodyned beams was found to have been
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predicted by Lee. In theory the concept was good; in practice it
was so difficult to implement that it was not worth the effort, as
was experimentally determined.

The second check on the beam alignment‘(which incidentally
checked the difference in parallelism of rays within tﬁe two beams)
was performed with the disc rotating. The rotating disc integrated
the mottled appearance of each of the two scattered beams into two
uniform light discs with well-defined edges. Over the distance
of fifteen feet the edges of the beams could be made coincident
to a high degree of accuracy. It was not possible to use an
oécilloscope to align this high frequency Doppler signal.; The
peak could be maximized using a spectrum analyzer, but this
technidue was difficult. Experimental evidence indicated that by
,properly utiiizing these suggested alignment techniques, the
heterodyne curreht was maximized.

It was also important to have the components affecting the
incident beam coaxial to the beam. If this cgndition is not met,
the .spatial filters would decrease the radiation intensity. If
the lens was not centered on the incident beam, the resultant
scattering was skewed. These criteria were met by reflecting the
light until it re-entered the laser.

D. Effect of Disc Velocity on Data. A variable.velocity scattering

medium was used to permit simulation of the different velocities
that had been used by Foreman, et al. (6) in their laminar flow
measurements. For a reasonably compact system with disc radius

R = 2.5 inches this would require a motor speed
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of 0.75 rpm to 43,545 rpm, corresponding to gas velocities from
0.5 to 28,954 em/sec. In a 0.5 cm diameter tube, tunbulence

occurs for air according to

V= %ﬁ- = 362 cm/sec (18)
where p=1.,213 x 1073 gm/cm3 = density of air
n = 1,827 x 10'“ gn/sec cm = viscosi£&
D = 0.5 cm = tube diameter

R. = 1200 = Reynolds number for turbulent flow.
The D.C. motor mentioned above had a capability of about 100 fpm
to greater than 13,500 rpm with appreciable velocity variation —
as much as 10 percent at midrange, more at low velocities.
Because of severe vibrational problems at higher speeds, its
practical use was limited to rather short periods because of
component misalignment. This motor, powered by D.C. batteries,
was sufficient for the intensity measurements described above.-
However, later measureménis depended on & more stable center

frequency for the measurement of this center frequency as well as

the width of the display (frequency spread) on the spectrum

analyzer. An attempt was made to use a unijunction-SCR D.C. motor
regulator designed by General Electric. This regulator was

supposed to be continuously-variable in output voltage and as a
result would give the motor a highly regulated continuously variable
vélacitys. The regulator proved to be neither continuous nor a

regulator at most frequencies.
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In the earlier studies without the regulator and at the
incremental frequencies at which the regulator would work, it was
noted that the velocity of the motor had no measurable effect
(othef'than the linear effect postulated by the Doppler equatiop)
on the freqﬁéncy spread or on the center frequency. Of course,
at velocities at which mechanical vibrations become large, there
is an effect caused by the misalignment of the system.

As a result of the above conclusion, it was decided to use a
synchronous motor driven by a variable (280-520 Hz) frequency.
generator which had a frequency accuracy of 0.5 percent and a
temperature coefficient of + 0.01 percent/oc. This permitted a
motor speed of about 8380-15,570 rpm which was acceptable. Any
shift in‘centef frequency was too small to be measured or observed.

All of the measured values of frequency shift agreed with
those predicfed by the Doppler equation which was also checked.
This, of course, was not true until the uncertainties in velocity

were removed. This depended upon accurate measurement of 8, a,

.and the velocity of the disc. » '

E. Location of Limiting Apertures. (Angular) Tt was noted before that
the limiting apertures were located symmetrically ontfhe horizontal

axis and on either side of the incident bean. Since the focal

length of the lens was fixed, the position of tRe apertures uniguely
determined the magnitude of the observation angle. In the early
experiments the lens in use had a focal length of =8.0 inches and

the apertures were spaced to give an ob;ervation angle of 6.0° on

either side of the incident beam. At an equivglent velocity of 880‘cm/seq }
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(2800 rpm with R = 3 cm) this gave a total Doppler shift of
fD = 2.9 MHiz
from equation (1T7). This value is approximately linearly related
to higher or lower values of frequency as long as © remains small.
For example, the deviation of sin @ from  at 15° is only 1.15
peréent. This error becomes 0.15 percent at 6°.
Under conditions of small'Q and aﬂ=0° the following

approximations may be made

veos a +vsina ==y
Z yz y Yz z

and ‘
sin @ =0 : , (19)

Now, the Doppler equation reduces to

p 2ve _
D “"‘;‘r (20)

such that the value of fb is effectively a linear functioq of the
observation angle.

The variations of f) from a linear function within the
limiting angles defined by the lens aperture are shown in Table 6.

" These values were éalculated at a velocity of 2,905 ;m/sec,
which is an acceptable value for turbulence and was obtained
eaéily with a rotating disc. The maximum observation angle
subtended by the 5 inch lens vas 17° 20°'. Therefore; the maximum
possibie error using the edge qf the lens as a limit was 1.54 per-
cent. That is, for practical considerations the position of the
apertureg had no significant effect on the linearity of fD.

The angle 6° 32' defined the limiting angle of the framework

of the corrected 4 inch lens; As an indication of the total
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accuracy of the system in relation to calculated and measured

values of f;,, consider the 6% 32' angle and the 5° 31' angles,

, representing the range of errors. In the first case the measured

D

giving an error of approximately 0.12 percent. In the second case

value of f_ was 10.4593 MHz, the calculated value was 10.LL4T1 MHz

- . the measured value of f_ was 8.8599 MHz, the calculated value was

D
8.82T4 MHz giving an error of approximately 0.37 percent. Both

of these values are well within experimental error. If the two

- apertures had not been equallyspaced, however, error would have
been introduced from several sources. First, the syéteﬁ would no
longer by symmetrical, intrgducing a spread in frequency because
of the non-superposition of the correct rays comigg through the
apertures. In addition, there would be a shift in the center
frequency for the same reason. This would also invalidate the
simple assumption that a = O, thereb} complicating calculations.

The experimental determination agreed completely with the

calculated values. The equality of'the angles was checked by -
Be;tihg éach backscattered beam with an unshifted beam. The
center frequency of the two beams agreed, indicating that both
sampling angles weée equal.‘

F. Causes of Frequency Spread. The peak, as displayed on the

spectrum analyzer, had a finite width. Since it was proposed to
use the probability distribution function on the spectrum analyzer
to study the turbulent flow of a fluid process, it was necessary

to fully understand the causes if possible. This understanding was
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crucial to the use of the heterodyne technique for determination
of the characteristics of turbulent flow. If it were not possible
to eliminate thé causes they would have to be considered\guénti- |
tatively in the data._‘ | o

 This degree of contribution of external effects and system
parameters to the width of the frequency spectrum had to be known
because of the time variant characteristics of turbulent flow.
In other words, the time wvariant nature of turbulent flow produces
a frequency spread of its own. It was postulated that the
characteristics of this spread would be used to determine the
characteristics of turbulent flow. If external effects also
existed, producing a distribution of their own;, the desired
distribution would be modified or eliminated.

The classification of the possible causes of frequehcy spread
fell into two:classes: 1. Those that were postulated but did |

not contribute to the spread within the chosen constraints of

. particle size, size distribution, and concentration, and 2. Those

that contributed significantly to the spread of Doppler - frequencies.
1. ?arameters which Did Not Contribute to Frequency Spread.

(1) Limiting Aperture Size — In systems utilizing heterodyning
between a beam with no Doppler frequency shift and a Doppler
frequenéy shifted beam, the spread in Doppler frequency is a sine |

function of the aperture size as derived from equation (1k)

- _21 $ 9—1 3 9.1 1 92 % g
Afy = sin sinly + - sin = sin(lf + .22 (21)

D A! 2 2
v ' ' I :
=Yr sin 0 -sinG ir¥ef (22)
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vagl and 6, are small the relationship becomes linear.

af) = ;% (6, - 8,). ' (23)

Here AfD is the spread in frequencies and ©; and 02 are the ' .
observation angles defined by the inner and outer edges of the
limiting apertures respectively. This was checked experimentally
by scanning a slit across the mixed beam resulting from combining
a scattered beam with a direct beam of about the same size and
intensity. The resultant plot of fréquency versus distanée is
effectively linear.
On the other hand, when the mixed beams were both scattered
in the perfectly symmetric manner described above and shown in more -
detail in Figure 9, the resultant frequency spread was zero.
Since only the difference frequency is seen by the photomultiplier,
the frequency distribution at the apertures is that given in'
Table 17. It can clearly be seen that the top beam is inverted ‘ g

such that the following differences hold:

£, = (f + 286f) - (f - 267) = bérf . ;
£, = (£ +362) - (£ - 81) = bor 5
fB = (f + §f) = (f - 36f) = Lér . (24)

which is exactly twice the Doppler shift at the center of

- ~~ . t

either aperture. Therefore, ) . v T e ;

Afﬂfc-fT=fT-fB=o-oo=0 ‘ (25)

and there should be no freqﬁency spread. This was checked by ' ;

using larger apertures and by scanning a slit across the beam.
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true the two apertures had‘to be accurately spaced and the two
beams ‘had to be coterminous.
(2) Particle Size - There was no frequency spread caused by particle
sizes which were studied, since the Doppler frequency was a function
of velocity of the particles and the particles were in a fixed ﬁatrix
giving only one particle -velocity. The small pigment pa;iiélés'
supplied by 3M Company did not produce a measurable frequency spread
in the flowing liquid syétem.
(3) Particle Size Distribution - Since the distribution of pérticle
sizes was small (because uniformly sized Mie particles were being

considéred) the resultant velocity distributions were small.

Approximately the same force was acting on all particles and the

resultant spread in Doppler frequencies was small except at very
low velocities where the distribution of velocities became
significant in relation to the mean velocity (translational motion
of the molecules). This latter value is insignficant for this high
velocity study. Those particles held in a fixed matrix had no
velocity distribution even when there was a size distribution.

(4) Distribution Caused by Variations in Motor Velocity - Formerly
this gave a significant spread as the center frequency varied up
and down the frequency scale. By using a synchronous motor the
speed was constant so that a variation could not be meésured with
available equipment. Therefore, this contribution to the frequency

spread was negligible.
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(5) Movement of the Disc Parallel to the Incident Radiation
(qaused by bent shaft, disc of nonuniform thickness, deviation of
disc from perpendicularity to beam, or warped disc) — This would
effectively éhange the size of the beam continuously during a
rotation and would result in changing scattored intensity and in
a spread because of the beam size (see section below). The
contribution to frequency spread due to these causes was easily4
minimized and as a result was not considered.
(6) Ahoﬁher source of Doppler frequency spread that is eliminated

in the symmetric heterodyne configuration is that caused by

xconvergence of the incident beam. Consider Figure 10, which is

a representation of a single heterodyne system showing the focused
beam converging onto a scattering plane moving with velocify, ;.
The size of the beam entering the. front surface of the lens is 2 ﬁm
in diameter to thevl/e power points. The focal-length_of the lens
is 400 mm. Assume for the present that all rays from the incident
beam coincide at a single point in the scattering plane, 'The half
angle is defined as @ /2 = tan"* 1/400 =10 minutes of arc. This
indicates the presence of two extreme condifions defining a

maximum and & minimum Doppler shift. Consider the observation
angle, ©, to be defined as the angle between thﬁ-center of one

limiting aperture and one of two rays defining the convergence

angle of the incident beam. The value of Y is defined as the

* angle between ¥ and one of the two rays defining the convergence

angle. Under ideal assumptions (¢ = 0) y = 90° and 0 = 6°.
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However, if @ # O the values of y and O deviate, introducing
different Doppler frequency values. The important values are given

in Table 18 where v, = 632.8 cm/sec. The frequency difference

fD = __!12v sin QW siné’ max + __gmgx>

A' 2
- sin %min gin <w min - °min> (26)
: 2 2
= fD (max) - fD (min) = 57.6 kHz (27)

was the spread of frequencies introduced into the signal by the
convergency  angle and was 5.51 percent of the center frequencj and
a linear function of velocity. The entire Doppler equation for a
single beam:heterodyne system must be used here. since y # /2,

It was not possible to measure this Doppler frequency spread

- directly because of the contribution of bther factors. Instead,

‘an indirect measurement was made using an optical collimator to -

increase the diameter of the beam from 2 mm (Gaussian 1/e power
points) to a 50 mm_(fectangular,intensity cfoss section) incident
bégm. | : .

Making the same calculations as before, |

¢ /2 =3° 30°

and Table 19 gives the parametric values. The data in Table 19

gives a AfD of 1.2 MHz for a calculated value.- The approximate

. méagured width was 1.0 MHz. This'was low for three reasons:

'unpertainty in measuremnnt of width because of flattened display,

decrease in vertical spot size, and decrease in horizontal spot

'




. » « .

66

size because of diffraction limit decrease. This clearlylindicates
the deleteribus effects large beam convergence can cause in a
single beam heterodyne system. |

On the other hand it can be seen from eguation (16) that the
Doppler frequency shift is independent of the angle of the
incident beam in a symmetric heterodyne>system. Therefore, a
significant decrease in spectral line width on the spectrum
analyzer ig achieved.
2. Factors which Contributed to thé Frequency Spread.
a. Spectrum Analyzer. A spectrum analyzer has a certain inherent
peak width in its display of a function. If a line frequency of
f + 0.0 were displayed on any spectrum analyzer it would be read'
as £ +. A§3 where Af is the total frequency spread.. This spread
is a function of the wvideo filtering, the sweep rate and the sweep
width, but is primarily a funetion of the‘IF bandwidth of the
spectrum analyzer. Because of:its dependence on the IF bandwidth,
it is of primary importance to have a maximum signal—td-noise ratio.
This problem will be discussed in more detail later. '

Before any meaningfui studies could be made on the width of
the frequency spread caused by the remainder of the system, it was
necessary to substitute a Spectra Physics Model 125 laser'with

an output of greater than 50 mW for the 0.8 mW laser so that the

signal-to-noise ratio could be increased. This change permitted

measurement of the frequency spread caused by other effects. The

Tektronix Model 1L10 spectrum analyzer has a low frequency-spread
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limit and could be used in a certain frequency region to study the
other-effects discussed below. Ironically, its sweep width was
50 narrow that the effects of sampling volume prevented,the usg
of . the 1110 on most system arrangements.

The Singer spectrum analyzer was used to take most of the
data. Its dispersion, sweep rate, and IF bandwidth were adjusted
to give maximum signal-intensity. The width of the Doppler signal
using the 0.8 mW laser was approximately 65 kHz with a signal-
to-noise ratio of L-to-1 under these conditions and when one :
backscattered beam was heterodyned with an unshifted‘beam. When
‘both backscattered beams were heterodyﬁed, the w;dth was limited
by the 50 kHz of the Singer spectrum analyzer.

The characteristics of the three spectrum analyzers whicﬁ were
employed are given in Table 2. These values were measured at half
peek height. Generally the value is increased by a‘faétor of two
at 5 percent of total peak height.

| The sweep rate was a major problem with the Tektronig
spectrum analyzers. At low sweep rates the resolution was main-
tained but phosphorescence of the CRT screen was too short to
study the display well; at higher sweep rates where the CRT
display was acceptable the res§lution and, therefore, peak.amplitude
deteriorated. Other speed CRT's are available.
b. Vertical Dimension of Scattering Area. The size of both the
vertical and horizontal dimensions of the focused spot are limited
by diffraction laws. The theorefic;l séof size which is produced

by an aplanatic lens with f/number of unity cannot be obtained
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without sacrificing other desirable characteristics. The aperture

| of an optical system through vhich a laser beam passes is defined

by the diameter of the laser beam and not by the lens diameter.
Therefore, the f/4 lens of this optical system becomes effectively
anf/200 lens because of the 2mm diameter of the incident laser beam.
Conversely, if a lens were chosen to give f/l1 so that difffaction
limited focus would be obtained, the focal length would be 2mm;
creating a serious engineering problem. In addition, the incident
.convergence angle increases from approximately 20 minutes of arc
to greater than 53 degrees, which distributes the frequency
spread over a wide range in a single beam heterodyne configuration.
The -absolute minimum spot size for a GauSSian beam with
aperture f/1 and plane polarization is given as an ellipse with
major axis 1.5 A/® and minor axis A/n . This corresponds to the
1/e power points which éomprise 63.2 percent of the beqm power,
The elliptical shape is caused by the oscillating dipoles which
radiate more strongly:along one axis than the other (1k).

" As the f/number increases from £/l the significance of the
theoreticalllimit becomes less important. The diameter of the
diffraction limited focal point for an aplanatic lens would -
generally be the minimum spot size times the ratio of focal
leﬁgth to beam diameter. The length of the axes of the focal

ellipse then become

1.5 . £ At
L] g e ® d

(28)
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where d is the aperture diameter (laser beam diasmeter). This
ipcreases the minimum beam size by a factor of 200 for the system
considered above. ,
for A = 6328 2 the ellipsoidal dimensions are approximately
60 pby 4Oy . The corresponding null-to-null-diameter (Airy disc,
containing 81 percent of power) of the usual eircular di;gtgctiop

pattern using unpolarized light'is given by Carlin (3) as

3.83 . f _, ' -
— 3 153u. (29)

This is a more realistic value to be considered for the actual
case because scattering prior to reaching the focal point,
divergence of the laser beam, and the‘entire beqm (as oppdsed to
the 1/e power point) must be considered. The figure agrees |
roughly with that obtained from actual measurements. The value
obtained by measurement was taken at other than the 1/e power
point and extrapolated along the normal distribution curve to

be about 261 u. The corresponding Airy disc diametef was 276.6u .
Direct measurement was not possiblé because of the unava%lability
.of ;ppropriate apertures.

This value for the Airy disc #ill be used in the following
calculations as a form of worst case analysis. The vertical
dimension of the focused spot contributes to the Doppler frequency
spread because of the possibility that it will contain several -~
velocities. This 1s'§nalogous to the scattering volume problem.v

The two-dimens;onal-case is simple and demonstrates what effect
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velocity distribution plays in signal spread.

Consider a perfectly parallel :incident beam of diameter
d - 276.6y corresponding th the focal spot size discussed above
(Figure 11). In this case, the light scattered from the top of the
spot (vwhere the disc velocity is higher) will be at 'a.'higher
frequency than the light scattered from thé bottom portion of the

spot. Since the angles © and o can be assumed to be unaffected

wifhout loss of generality, the simple form of the Doppler

equation can be used:

Vn

£y =18 sino. o (30)
Now
. sin © .
afp = £ (max) - Dy (m:m).= R (vm‘.x - vmin)- (31)

But by writing va in terms of the disc radii under consideration,

the equation becomes

v, - v D '
Afp = :n_ sin © (Rmax Rm_in), =___ sineaR (32)....
Ry' S Ra'
where AfD = frequency spread

v

, = mean radius of the disc = 2.324 cm '

AR = spot size = 276.6y = 0.02766 cm.

The quantity fD can be calculated to be

(632.8) (sin 6°) (0.02766) \
Ap = 10.915) (2.55) (6.328 x 10™) (33)
(632.8) (0.10453) (0.02766)

Afh = 10.915) (2.58) (6.328 x 10 °) (34)

AfD = 12.42 kHz.

The values of v, R, A', and © will be constant for a given

system and the frequency spread can be 'directly related to the
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spot size by considering the following (16)

£ = %?_-sin ) = (%%f) R sin 6 (35)
oty = %%fr sin GAR. - (36)

By dividing the first equation by the second a direct ratio is

established:

AR | (31
which indicates that the frequency spread is a direct function
of the vertical sbot size. In the above equation f is the motor

spéed in revolutions per minute. A calculation of AfD'using this

" equation agrees with the above calculated value

, . T "
AfD = D = . 1.045 MHz = 12.43 kHz.

(R/ R) T(2.5% x 0.915)/(0.02766) " (38)

c. Horizontal Dimension of Scattering Area. The other orthogonal
dimension of the focused spot contributes nothing to the frequency
spread as far as direct velocity variations are concerned.

However, the effective'observation angle is changed by the finite
horigontal dimension of the spot, as shown in Figgre 12. ‘Of course,
the leading and lagging edges of the focused spot are not at exactly
.the same radius as the center of the spot but, because of the small
spot dimension, the vglue of AR is’small enough Po be negligible
in the considerations in this case. Because the effect discussed

here is simply a function of spot size the simple equation can

again be used.

£, =—— sin© (39)
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which becomes
.V . -
Bfp = =T (sin 6, - sin 6,) (ko)
where Gl defines the angle between the normal and the lagging edge

of the spot and 9, defines the angle between the normal and the

2 ‘
leading edge of the spot. By construction of thevparallel line h2,
it can be seen that the contribution of horizontal spot size

is the saﬁe és for aperture contribution wheﬁ & single scattered
beam is mixed with an unscattered beam.

In terms of the geometry of the system this equation

becomes

a - X (hl)

v v a
A, =. n A(sin 9) L e—————— s T
D AT A ‘sz r a2 ‘V;‘z + (a=x)2 _

where  a = the distance from the pptical axis to the outer-
terminus of a limiting aperture
x. = horizontal spot size
£ = lens focal length = 40 cm.

This value of frequency spread, which for a symmetrical heterodyne
system is the same at the external edge of éach limiting aperture,
is ?andom in space and is not cancelled out by the beam over-
lapping. Since the value of 6~sin @ for émall'values of 0, the
value of af, is practically constant over rather large values of ..
for exgmple, with a change in a of a factor of two, A@ changes only
in the third decimal place. Here the value of'fb is, of course,

a linear function of angular spread (spot size).

Upon calculation, the value of fD becomes
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ar ="n (1.881)(2.54)  '_ _ (1.881)(2.54) - 0.02766
T \Wu0)2 + (1.881)(2.54)2  4/(50)2 + (1.881)(2.5k) -.02766 P
by = 6.8 kiz. S (k2)

The values of the different frequency spreads increased as
the Doppler frequenéy_shift increased. The fotal experimentally'
determined freqﬁency spread was 125 kHz at half peak height and
250 kHz at five percent of peak height under the conditions for
’the system discussed aboie. |

G. Isofrequency Lines.' Consider the scattering surface in the

direction of propagation of the incident radiation. The boppler
frequency shift along the vertical axis was zero. The frequency
along the horizontal axis increased'iinearly with distance (for

small distances) on either side of‘the incident beam. When a

‘hemisphere is constructed about the scattering center with its

center at the scattering center and the perimeter of this hemisphere
is transverse, the Doppler frequency increases from zero on the .
vertical axis to a maximum on either side at the horizontal axis
then decreases to zero again at thé negative vertical axis.

If a plane is cut through this hemisphere parallel to its
flat surface and perpendicular to the incident beam and the Dopple:-
frequency is plotted on this plane as a function ?fwthe spatial
position, avfamily of isofrequency lines is generated which are
hyperbolae with their vertices on the optical axis. The vertical
axis is coincident with the conjugate axis of the hyperbolae and
the horiioﬁtal axis is coincident with their tranverse axis. That

is, the foci are on the horizontal axis and on either side of the
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primary optical axis, and in the plane of the velocity vector, v.
The eccentricity of each of these hyperbolae is large and

approaches infinity near the vertical axis. In fact, the hyperbolae

| so nearly approximate a straight line that the negative distortion

of the lens causes the curvature to change directions. The
resultant experimental determination of the isofrequency lines
contains the effects of the lens as well. The net curvature of the
hyperbolae is smal; enough that within the limits‘of the lens

edge a rectangular slit of the same width as the diameteg\pf tﬁe o
limiting apertures can be usedihxtheir.stead without signifié#nk“
increase in the Doppler frequency spread seen on the spectrum
analyzer (see Figure 5 and Table 8).

H. Frequency Measurement Limits. There were several elements

that could limit readout of the frequency information. Three
spectrum analyzers were available for use in different regions of
the frequency spectrum. For the rotating disc and laminar fluid
flow this type readout was entirely suitable. For turbulent flow
other techniques have been considered. One of the available spectrum
analyzers (Tektronix 1L20) had an upper frequency limit of 4.2 GHz.

This correspbnds to a velocity of 2.54 x 106-cm/sec which was

~well beyond measured velocities. It was of the order of Mach T3.

A tabulation of limiting factors is shown in Taﬁle 9.

The upper frequency limit of the photomultiplier tube with

‘& 50 ohm anode resistor (used to match input impedance of

Tektronix spectrum analyzers and C-Cor wide band amplifier) and a
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liberally estimated 50 pF capacitance was LOO MHz. Assuming a linear

Doppler shift, this gave a maximum of 242,000 cm/sec or Mach T.3
which was not an unreasonably high velocity. Of course, associated

circuitry, wiring, and electron transit time spread have an effect

"here, but generally the anode resistor R is the only really con-

trollable factor.

Solid state detectors are available that have an upper frequency

limit of 1.0 GHz but none of those éommercially available have
éain. (Types which do have gain are now in the development stage.
Hewlett-Packard's pin photodiodes are as high as 1.0 GHz and have
a éuantum efficiency of 0.75 and dark current of 100 pA.).
Therefore, it would be necessary to have high gain,'ﬁide-band
amplifiers or a series of high-gain high-frequency slot amplifiers
to use this upper frequency limit. Of course, & portion of this
could be accomplished by using the amplifiers in the high
frequency spectrum analyzer.and the difference frequency generated
in the spectrum analyzer circuitry. This frequency is low enough
that the spectrum analyzer amplifiérs can amplify.it. '

High frequency traveling vave tubes have recently been
developed. They are, however, expengive and their long term
characteristics have not yet been evaluated.

Another limit was the wideband Model L366E E-Cor amplifier.
It was perfectly matched to the photomultiplier and speétrum
analyzer but its frequency response was 3 db down:slightly above

200 Miz {+0.5 db down at 100 kiiz and 155 MHz). If & linear
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Doppler function were assumed, the maximum velocity would become
141,000 cm/sec or‘Mach 3.65, which is ﬁn appreciable velocity
and 8bove the generating capabilities of the equipment used in
this study. The lower frequency limit of the C-Cor amplifier is
10 kHz, which permit§.60 db amplification of any signal from
6 em/sec to 141,000 cm/sec.
1. Noise. Noise, which wasvone'of the major problems associated
with the studies undertaken here, féll into two categories: |
| -1, That.noise whicﬁ_was inherent in the laser or was

introduced into the optical circuit prior to the trans-

formation of the optical signal to an electron current.

2. That noise that was developed in the ihotodetector or

in subsequent amplifying and detection equipment. Since

the electronic noise proved to be the lesser of the sources,

- It will be discussed first. |

Since most of the noise was essentially white, any pptical or elec=
tronic filter which attenuated it also would attenuate most of the

desired signal. TableAIO presents a list of the noise sources.

1. Electfonic Noise. With a photomultiplier in total darkness,

.a certain small amount of noise is detected at the output. The
quantity of this noise is a function of the temperature within the
photomultiplier. This'is true because the so&;ce'of the noise is
random emission of thermal electrons which are then multiplieq as

bthey,traverse the dynodes of the multiplier. This noise is called

- dark current and is a form of shot noise. Ithgan be made
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negligible for most work by refrigeration of the photomultiplier,
although this method was not used for several reasons:{ the problems
associated with securing and utilizing the refrigerant; the safety'
problems associated with personnel working around the refrigerant
under conditions of no ambient lighting; and the measured values
of dark current are so much lower thean other sources of noise
that it can be ignored. This was particularily true when using a
spectrum analyzer readout, since this shot noise was spread out
over a fairly broad frequency spectrum. Table 3 lists dark current

values for the photomultipliers that were used on this research -

and measured at approximately 25° C. The high voltage power

supply (Fluke Model 405B) for the photomultiplier was highly

fegulated, had high thermal stability, and had good long-term

drift characteristics. The voltage divider was made of low-noise

zener diodes bypassed by small capacitors to permit stable Operation
at both'high and low frequencies.

b. Amplifief. The high-gain wideband C-Cor amplifier had an
equiyalent noise input of 4Ou V and a 50 ohm input and output
impedance. The 40u V equivalent noise input was spread over a
frequency range up to 200 Miz (i.e. the noise is 0.2y V/MHz). In
terms of the maximum IF bandwidth of'va spectrum analyier equal to
20 kHz, the noise became 0.01lu V. Here fhe noise was agﬁin in-

significant. These figures were supplied by C-Cor.

c. Spectrum Analyzer. When an IF bandwidth of 5.0 kHz is

- . assumed for a spectrum anaiyzer, the equivalent input noise
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(Johnson or white noise) can be calculated from

N = M LUkT A £R (L3)

where : N = equivalent noise in volts
k = Boltzmann's constant = 1.38 x J.O"'23 Joules deg-l
T = temperature of the input resistor in degrees

Kelvin (approximately 300° K)
Af = frequency range of the signal or IF bandpass of
the instrument

R

value of input resistance in ohms.

Table 20 contains the noise values for the spectrum analyzers. that

. were used.

It should be noted that the noise figures éuoted in Table 20
are worst case values. As the IF bandwidth is narrowed, the
noise decreases as the square root of the bandwidth. In no case

was this white noise the limiting factor, even though it could be -

seen on the 1L10 and 1L20 spectrum analyzers.

.d. Stray Electiical Pickup. Most extraneous pickup was eliminated

by the use of shielded cables necessary at high frequencfes. Under

certain conditions there was some R.F. feedthrough from the laser
R.F. supply, but since it was a narrow frequency, it usually did
not affect the readout. However, it prevented observation of data

-

on an oscilloscope because of its large amplitude in the time domain.

. 2. Optical Noise.

a. Laser. The largest single sourcé of noise was the laser. It

consisted basically of three'types:mbdernoise, plasma noise and .

spontaneoua-emission noise.
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The mode-interaction noise in the 50 mW Spectra-Physics Model
125 laser that was used was well defined, relatively stable and
Aear zero frequency. Therefore, it.did not introduce problems in
readout on spectrum analyzers. However, it prevente@ the use of
an oscilloscope readout. |

The plasma and spontaneous-emission noise were continuously
present. 1In the 0.8 mW Spectra-Physics Model 130B laser used
in initial studies the best signal-to-noise ratio obtained was
h-to-l. In this case, the spontaneous noise was expected to be
high. However, in the RF stabilized 50 mW laser the radio”
frequency waveform as well as strategically located ceramic
magnets along the plasma tube were supposed to reduce this noise
significantly according to Spectra~Physics who designed the tube.
It was not possible to significantly reduce this noise. Wiﬁh
about 100 times the power (the actual output of the Spectra-
Physics 125 laser was T4 mW) of the small laser, the maximum
signalfto-noise ratio was 13=to-1 using the DuMonf 6911 and Amperex
150CVP photomultipliers. ' .
b. Extraneous Coherent Light. All the componenté in the system
scattered varying amounts of laser light. The output reflector
of the laser cavity scattered appreciably. - Since the laser beam
traveled a rather large distance before it reachea the rotating
disc, much of the light scattered by the laser reflector was
eliminated by placing apertures along the path of the incident
radiation. However, there was some forward scattered light that

transversed the apertures along with the incident beam.
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Scattering also occurred from all reflectors, the surface-
surface interfaces of the compound lenses, and the interféces of
the beam spiitter and of the optical path length equalizer. The
net result was to give a D.C. optical bias which contributed nothing
to the signal but caused a higher background noise. This effectively
lowefed the modulation index of the'heterodyned signal. Some of
. this noise was removed by limifing the portion of the photomultiplier.
cathode geometrically available to scattered rays..
c. ;Incoherent Light. Ambient light also contributed‘to the D.C.
optical bias at the cathode of the photomultiplier. This light
came from the plasma discharge of the laser, the hot cathode of .
the laser, fluorescence of cathode ray tube screens, ecale light
on cathode ray tubes, pilot light on auxillary measuring equipment,
‘and room light.
The most important source of this noise (room light was elimi-
nated by the unsatisfactory expedient of working without lights,

posing a safety hazard. Pilot lights were removed and the hot

- cathode of the laser was covered, eliminating another important

source of incoherent light. Because of overheating, the laser -
could not be covered for the long’pefiods of time during which
experiments were in process, leaving the plésma light as the major
source éf incoherence light noise. The light from the cathode ray

tubes and scales were minimized, but of necessity remained on.

Vacuum tubes were covered. '
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Other techniques were also used to help elimvinate this
incohe_rent light. Of course, the small photocathode area avail-
able to the coherent light helped to minimize noise of this type
as well. In addition, an optical filter (low frequency band pass)
attenuated any light with A<6000 £. |

All of th.{s difficuity with incoherent wideband light
stemmed from a property of the photomultiplier with respect to
light of wavelength 6328 £. The photomultiplier was less
sensitive to the 6328 R 1ine than to any shorter wavelength down
to approximateiy 4500 R. sSince all the photomultipliers were
more sensitive to a large range of wavelengfhs than they were
to the narrow line at 6328 X, low intensity sources emitting
tﬁroughout this range of sensitivity created a large amplitude
noise signal that was detrimental to the signal-to-noise ratio.
That is, without limiting the wavelength of radiation entering
the photomultipliers using small limitiné apertures and optical
filters, the white light to which the photomultiplier tube
was sensitive would overshadow the narrow band of desirable red .
light.
d. Misalignment or Non-coincidence of Heterodyned Beams. If
the beams to be heterodyned were not of the same size or were
aligned such that they were not coaxial and did n.o't form coterminous
discs of light on the photomultiplier, an effective optical D.C.
bias was again introduced. This occurred any time that light
was present that was not being héterodyned with other

light.- It was not difficult to get a factor
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.of two increase in signal-to-noise by extra careful alignment as

opposed to normal alignment of the beams. It can be seen that the
size of the limiting apertures was critical in minimizing noise.

e.' Unbelance in Heterodyned Beams Intensity. When the intensities
of the two beams were not the same when they impinged on the photo-
cathode, the modulation index deviated from unity and the noise in-
creased. This was easily seen by beating th'e unattenuated light
from the back of a laser with one of.the scattered beams. In this
case, only extremely careful alignment could pull the signal out of
the noise.

f. Fine Lobe Structure of the Scattered Ra.dia.tiqn. As predicted by
Mie scattering theory, the large scattered lobes are made up of many

finer lobes. If the two cylindrical beams defined by the limiting

' apertures are cut with a hypothetical piane perpendicular to their

axes and tpe scattering surface is stationary, the two cylindrical
beams produce two 3/16 inch diameter discs at the plane of
intersection;‘ The ixﬁ;ernal makeup of these two discs is a complex
(ana .visually uncoordinated) series of light and dark splotches
corresponding to the small scattered lobes and valleys respectively.
The internal patterns of the two dis;cs are generally completely |
different. When the two discs are superimposed such that theiz_'
perimeters are coincident,‘there are significaent areas of dark

in disc #1 that fall on either dark or bright areas of disc #2
and vice versa. Of course, the superimposed dark areas produce no
signal or noise. At the other extreme, the b>right areas

superimposed on dark areas produce all noise énd no signal. If
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areas from each of the two discs have different intensities, the
modualtion index and noiée generated is comensurate with their
intensity ratio; Statistically there are areas on the two discs
that are of equal intensity and, upon superimposing, the disés _
producé‘a modulation index of unity. It can be seen that the
heterodyne efficiency of the system is low and that there\ig a |
large amount of noise inﬁroduced as a'fesult.

The actual efficiehcy depends on the fine lobe structure
developed at the scattering_éurface. As the scatterer moves,
other discs appear with completely different internal structﬁres
leading to an infinite numbér of heterodyne combinations that are
impossible to treat analytically;

Attempts were made to distribute the intensity of the lobes
evenly throughout the area of the discs defined by the limifing,
apertures. Care was taken in this process to preserve the
frequehcy profile of the two beams to enable .cancellation of the
frequency spfead. The most obvious technique for'doing fhis was
to‘fdcus the two beams together onto the-photocathéde of tﬁe
photomultiplier. The resultant heterodyne current was less than
the current obtained with unfocused beams. Another technique
that should have worked in theory was to rescatter the two beams
using.small scattering particles located close to.the photo-
cathode. This method also did not work well enough to be practical. .
J. Intensity and Signal-to-Noise Ratio. The lack.of intensity,l

or more accuraﬁely a low‘signalébo-noise~ratio, was a difficult
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problem to solve. The noise problem and its causes were discussed
in the previous section. In this section some of the factors
which limit intensity will be discussed. Signal-to-noise ratio
is defined here as the ratio of the signaL height from the base-
"line to the noise height from the baseline.

The fundamental limit on signal-to-noise was obviously the
output of‘the laser itself. Since the noise in the laser
radiation was optical, the signal-to-noise ratio was constant
except for secondary phenomena which introduced non-linear effects.
The Perkin Elmer Model 5200 laser used in initial studies had an
oufput of 0.5 mW. Later a Spectra-Physics 130B laser with an
output of 0.8 mW was used. For some critical de£erminations it
was possiﬁle.to use a 10 mW Spectra-Physics Model 112 laser.

The use of the 10 mW laser facilitated certain studies because of
the higher signal-to-noise ratio. Since the iO mW laser was
mounted on a one ton granite table, this also helped minimize
vibration problems.
I The use bf a Spectra Phjsics léS laser_with an outpu; of -
T2 mW at 6328 2 permitied a gain in signal-to-noise of a maximum
of 13-to-l. By mounting the optical system on a granite table,
signal fluctuations caused by room vibrations were minimized.
Application of rf power to the laser increased laser output by
35.4 percent but did not significantly alter the noise level. All
of the lasers used were diffraction limited and had plane polarized

outputs.
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Each of the system components contributed to the decrease in

intensity. These components were picked to maximize intensity.

" of course, the largest loss of intensity occurred at the scattering

. medium where an incident beam of about L0 mW of power was trans-

formed into numerous scattered lobes with power in the nenowatt

range.v Except for the absorption loss in the scatterers, the

sum of the powers of the lobes would be gqual to the input power.

Assuming that the scattered intensity was evenly distributed

throughout. the back hemisphere, each limiting aperture intercepted

approximately 4 microwatts of pover. Therefore, there was an
automatic attenuation.of 10,000 in intensity from the incident

beam, making it imperative that the following and preceding com-

ponents have maximum transmission efficiency. All power levels-

greater than 0.1 mW were measured by a SpectrafPhysicq Model L0l
power meter.

1. Component Reflectivity. The commercially available mirrors

and reflecting prisms used in the early studies lost betweep 11
and 3é percent by absorption. The gold mirrofs-which were made
by vacuum evaporation sbsorbed less than 5 percént of light
incident on them. The use of these gold mirrors permitted an
increase in overall intensity impinginé on the scatterers.

and permitted a closer balance of beam intensities in the hetero-
dynevsystem. This produced a rise in heterodyne efficiency.

2. Lens. The original lens used in the optical network‘for

i S

-

S

. e



. .
. .
- - - ’

86
early experiments had a focal length of 8 inches and a diameter
" of 5 inches. These dimensions were idéally suited for the studies.
However, the loss of light being transmitted through the lens was
rather high because of the deterioration of the anti-reflective
coatings and inhomogéneities in the lens. A corrected lens frqm‘
a Tropel 4 inch collimator with a foecal length of 40 cm and a
10 cm diameter with high quality anti-reflective coatings was
uséd in later studies (see Figure h). It had a transmission of

92.9 percent .

3. Beam Splitter. The beam splitter was the chief cause of

signal attenuation in the optical heterodyne portion of the system.
The original beam splitter used in the system had the following
characteristics; absorption 5k percent; reflection 28 percent;

and transmission 18 percent. The modulation index was 0.64L. This

beam splitter was an optical flat with one side coated with a

reflecting dielectric which split the beam into two éomponents.

These values can be used to discuss some problems involved

]

in the beam splitter. Consider for a moment that all other aspects

of the two beams impinging on the beam splitter are ideal: i.e.

they are of uniform intensity, of equal intensity, and of the

same size. More than half of each beam is immediately lost by

absorption. Therefore, the heterodyne current is cut by a factor
of two. In addition, only 18 percent of beam #1 beats with 28
percent of beam #2. Therefore, there is a large D.C. optical bias
introduced which decreases the heterodyne bu?rent even more and

introduces a large amount of noise.
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In addition, 18 percent of beam #2 and 28 percent of beam #l
is thrown away because it exits from the beam’splitter perpen=-
dicular to the beam which enters the photomultiplier. Attempts |
were made to use this beam as wéll (effectively doubling the
signal) but with only partial success with this beam splitter. At
times the heterodyne current was doubled; at other times it'was
cancelled. This was caused by a phase'shift occurring at the
beam splitter. | |

Replacement of the above beam splitter with a commercially

.~ available cube beam splitter eliminated the phase shift permitting

an increase in the heterodyne current. This beam splitter had the
following properties;absorption 8.9 percent, reflection 41,1
percent, and transmission 50 percent for one beam; and absérption
21.T percent, reflection 28.3 percent, and transmission 50 percent
for the other beam. The modulation indices were 0.822 and 0.566
respectivelj for ideal input beams. This led to a significant
gain in heterodyne efficiency. However, there was still a large
amount of coherent light that did nothing but contribute'fo thé
noise level. Of course, the idegl beam splitter would have'SO-SO
transmission-reflection for both beams. It was not too difficult
to match transmittance-refiectance f&r one beam, but the absorption

became large and the match did not hold for the other beam.

L, Longitudinal Mode Effects. The Spectra-Physics Model 125

laser oparates-in many longitudinal modes, which change the -

interference efficiency of two beams that are permitted to
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interfere (in this case called heterodyning). A plot of heterodyné
efficiency versus the number of laser cavity lengths nL bétween
the two beams gives a curve such as that in Figure 13 (1). If the

two beams have exactly the same length the interference is a

maximum. This decreases rapidly as the difference in path

lengths A increases. At A= 2L the interference is again a maxiﬁum ,
as it will be at every interval of 2nL where n is an integer and L
is the cavity length of the laser (148 cm). In the system used

in this study, the value of A was such_that the interference -
efficiency decfeased aﬁoﬁt Lo pe;cent. Two metﬁods for correcting
for this difference are readily obvious. First, A can be made to
equal zero by foiding the shorter beam with two ﬁirrors to increase’
its path length to correspond to the other beam path length. This
introduces two extra mirrors, each of which decreases the beam
intensity by 5 percent. Two mirrors are necessary to fold thé'
rays back to their original orientation to eliminate aperture size
dependent frequency spread. This is not a good approach. Another
technique was to introduce a materiél of high refractive index

to maké the shorter beam have an effective longer path length.

To do this, the introduced medium must have a high refracti&e
index to be reasonably short. This introduces several light losses

at the glass-air interfaces. If the refractive index is kept at

a reasonably small value to minimize interface losseé, the medium =

_ must be rather long. Glass rods with plane-parallel faces are

expensive. The length needed for meterial of n = 1.5 is about
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7 cm. The technique that was used was to join two small right angle
prisms on either side of a large right angle prism with Canada balsam
to give a T cm retarding medium.

5. Beam Spread Effects. Since one of the scattered beams was

more divergent than'the other (which océcurred Eecause the lens was
not corrected for light transversing it antiparallel to the

- incident £adiation and since the beams were of different lengths),
the signal-to-noise ratio was decreased. This problem was |
corrected by the procédures outlined for correcting path length
difference.

6. Optical Filters. An optical filter placed in front of the

i#ser helped attenuate some oOf the noise but it élso contributed
to a decrease in light available for scattering. Another filter
placed immediately in front of the photomultipliér helped attenuate
noise but also attenuated the desirable light input. The bandpass
filters were Corning CS 2-63 with 78.6 percent transmission and

‘Corning CS 2-61 with 83 percent transmission.

T. - Spatial Filtefs. Spatial Filters were generally selected for
efficiency. The spatial filters located throughout the éppical
network were greater than 99 perdent efficient. The limiting
apertures in the heterodyne system existed for the purpose of-'
limiting transmission to the photomultiplier anq.the term
efficiency does not apply. Their area was of course directly

related to heterodyne current within 1imits'of spatial coherence.

8. Photomultiplier. The particular line in the optical spectrum

at which the He-Ne laser operates is undesirable in relation to
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photomultiplier sensitivity. Any photocathode is at low values’
on its response curve at 6328 R. Photocathddes that operate in
this range have inherently low quantum'efficiency; therefore,
tﬁeir response is low initially. The values for the phota-
multipliers used in this research are given in Table 12. An emitter
follower was used between the photomultiplier and spectrum analyzer °
in early studies at low frequencies to permit matching the maximum
possible load to the low input impedance of the spectrum analyzef{
Each of the photomultipliers was more efficient and had higher .

sensitivity at shorter wavelengths (except for the S-1 response

‘which was maximum at 8000 R).

Quantum efficiency, radiant sensitivity ané peak response
were in general mutually exclusive. The RCA GT0038D had the
highest quantum efficiency and operated higher on the spectral
response curve at 6328 2 but its radiant sensitivity was low. The ,’
RCA CT70038D had a smaller photocathode area (0.65 x 0.5 inch) -
causing it to have little transit time spread. Therefore, it was
used for high frequency work.. A special voltage divider'was |
constfucted which éermitted a flat frequency response from D.C.
to over 400 MHz (depending upon the value of load). This
divider was made with high tolerence zener diodes (1NLT58A and °
1NLTS9A) matched to give equal voltage drops at each stage and
with each stage bypassed by a 1000 pF capacitor. Electrical

leads were made short as possible. This configuration not only

permitted high frequencj response but also prevented loading of
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later d&node stages. This divider with the RCA CT0038D photo-
multiplier permitted signal-to-noise ratios as high as 80-to-1.
Tﬁe other photomultiplier tubes had their own specialities

with the 6911 being the tube employed in early low frequency

 studies. All of the rhotomultipliers were electrically shielded.

This shield also served aé an optical shield. In addition, the
C70038D was double sﬁielded. An inner shield of ferromagnetic
metal was tied to the photocathode and acted as a magnetic--
electric shield. A second concentric shield acted as an optical
shield and an electrical insulator from the high voltage on the
inner shield. | |

The iﬁtensity level was also increaséd by bringing botﬁ primary
heterodyne beams in at less than 90o to the photocathode surface
and multiply reflecting them back and forth onto the photoc#thode.
Tﬁis was possible because the photocathode had a high reflectance
for nearly normal incidence.
9. Amglifief. A wideband C-Cor Model L366E amplifier with 60
db éain'was sometimes used betveen the photomultijlier ahd spectnum
analyzer. It had an input and output reéistance of 50 ohms and
was matched to the 50 ohm load of the photomultiplier and 50 ohm
input impedance of the spectrum analyzer to minigize signal ;oss’iJ.
at high frequency. Fifty ohm caﬁles wefe used and kept as short

as possible. This amplifier responded to rather rapid pulses

(15 percent ringing for 1 msec input step) because of its 3.0

nsec rise time.
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K. Polarization Effects. Polariiation played an important part
in the determination of an optimized.device. According to theory,
tﬁe light scattered from dielectric Mie particles is always
elliptically polarized; polarized light from conducting Mie
particles always preserves the input polarization mode... Studies
of the applicability of this theory to the existing system were
made. It was necessary to determine if matching of ﬁ vectors
of the two scattered beams would lead to an increased signal-to-
noise ratio, what the characteristics of plane-polarized light |
scattered from metals would be, and to ascertain the extent of
the redistribution of E'vectors occurring with insulators.

A polarizgtion rotator introduced in the unattenuated beam
from the lésér and rotated thioughout its angular range showed that

there was no measurable relationship between the polarization

‘mode of the input beam and amny of the characteristics of the

scattered output beam. The absolute signal, absolute noise,
signal-to-noise ratio, Doppler frequency, and~frequencybspread
remained constant as predicted by Mie theory. '

The polarization effects.introducéd by the gold reflecting
mirrors are shown in Figure 6 and Table 13. This contribution was
measured by putting the rotator in the laser beam after it was
reflected by the gold mirror. The rotator was sééhned throughout
its angular range, and its transmitted power was measured on a power

meter. . The curve indicates a substantial amount of elliptical polari-

zation occurring at the gold reflector. The same experimental

e o i o ooy
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arrangement was used.to determine the polarization effects introduced
by the beam splitter. The results for both the reflected and
transmitted beams are shown in Figuré T and Table 1k. ‘The nonlinearity
of these curves indicate how difficult it was to study other
polarization effects by direct rotation of the'E vector. The trans-
mission of the polarizaﬁion rotator was a constant 95.5 percent
at all angles.

’ The polarization properties of the radiatién backscattered from
the Mie particles were studied with the idea of then‘matching_ﬁ'
vectors of the two mixed beams to increase the signal-to-noise
ratio. A polarizing material was placed in each leg of the
heterodype system immediately after the limiting apertures. The
polarization rotator was placed in one leg immediately after the
polarizer. .Thé.polarizeré converted the light from the lens into
plaﬁe-polarized light. The rotatof‘in one leg was then adjusted
until & maximum signal-to-noise ratio occurred. This happened
when the E vectors of both legs were parallel to each other. One
of the polarizers was then rotated through a known angle and the
rotator adjusted until'maximum signal-to-noise ratio again
occurred. This happened when the ﬁ'vectors of both legs were
parallel to each other. One of the polarizers was then rotated
through a known angle and the rotator adjusted until maximum
signal-to-noise ratio again occurred. By going through a series
of similar steps it was possible to determine what the maximum
possible signal-to~noise ratio was. This value was approximately

T0-to-1 compared to the lowest maximum of 55-to-1 and & signal--
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- to-noise ratio of 80-to-l1 without polarizers or rotator. When the

two E yectors were perpendicular, the signal-to-noise ratio wds
L-to-1.

There were several effects which affected the readout. First
the mirrpr and beam splitter in the mixing circuit contributed
significantly fo the change in signal. Secondly, approximately
half of each beam was absorbed in the polarizers. Thirdly, thereA
was an imbalance introduced by the presence of the rotator in one
of the beams.

- Anobher approach yielded more information‘on the elliptical -
polarization of the scattered beams. The study of the static.lobes
radiating from the scattering medium indicated that within:the'
individual lobes ellipticai polarization did exist. However, some
of the lobes could be extinguished by means of a éolarizer,
indicating the presence of some plane-polarization. Of course, -
this is only a special form of elliptical polarization. The
sma;ler the area of the sample, the greater the téndency there was
for the lobe to appear‘as if it wére completely plane-polarized.
This was simp1y a readout problem. The eccentricity of the
polarization ellipse as well as the direction 6f its axes changed
with the change in size of sampling aperture. Contoﬁrs'bf
equivalent F vector orientations were seen by placing & rotator

and a polarizer in a scattered beam and studying the resultant

pattern on a screen. The contours were not discontinuous but

were intensity modulated by the lobes and nulls of the scattering

pattern.
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The study of a moving medium yielded more complete and useful
information. A long time constant voltmeter was used to read out

the data in order to integrate the modulation introduced by

constantly changing lobe patterns. The rotator and polarizer were

placed in a scattered beam at an angle of 30° with respect to the -
incident. beam. As the rotator was scanned, the effective length
of the E vector in a given direction was ascertained. The aperture
did not affect the directions of the axes of the polarization
ellipse. The velocity of the moviﬁg medium also had no effect -
on the polarization properties of the scattered light. The
effect of aperture diameter on the eccéntricity of the
polarization ellipse is given in Table 15; ThéAlengthening of
tﬁe major axis with a decrease in aperture size is in complete
agreemént with data obtained with the static lobes.

A similar measurement was made with the above equipment

setup in each leg of the heterodyning:-system. It was placed

~before the mirror and beam splitter respectively. The resultant

majon—to-minor axis ratios were equal to each other at a value
of 1.49.

A metal disc yielded higher signal-to-ndise ratios than did

~ the dielectric scatterers. This occurred because of the lobe

backscattered adjacent.to and around the incident radiation: The
maximum signal-to-noise ratio was 1li3-to-1l. The backscattered
light was plane-polarized but the two heterodyned beams were of

unequal intensity as indicated by a second harmonic of the Doppler
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signal with a signaléto—noise ratio of 7.5-to-1l and a third harmonic
of 1.5-to-l signal to noise ratio.
The direction of the E vector for maximum and minimum intensities

was measured at several observation angles. The rotator and polarizer

wereagain placed in the scattered radiation without benefit of the
lens. The results of this study are given in Table 16. The ratios
of the major-to-minor axes of the polarization ellipse were signif-
icantly greater for the metal scatterefs than for the dielectricb
. scatterers. This indicates that the radiation scattered from the ' -
metal is practically plane-polarized égreeing with Mie scattering
theory. |

L. Solid Volume Scatterers. The volume made of optical quality

"silicone resin with éuspended particles from 3M Velvet Coating was
studied to determine thé effects caused by a three-dimensional .
scatterer upon the readout data. The concentration was chosen to
make the scattering independent as.determined by the éarticle
separation being greater than three times the radius of the
particles. Single scattering was guaranteed by making thé con-
centration sufficiently low that doubling theAéoncentration simply‘
.doubled the scattered light intensity. The motor was mounted

such that its axis was pérpendicular to the incident light beam.
The-velocity veétor of the scatterers remained perpehdicular to:
the incident beam and to the motor axis.

The silicone volume was moved along.the path of the incident

beam. This changed the position of the focel point within the
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the volume. A plot of Doppler frequency obtained with a

' spectrum analyzer versus the depth of the focal point within the

volume yielded a linear relationship. This would be anticipated
since the relationship between particle velocity, the radius on
which sampling occurs, and the Doppler frequency shift were
earlier shown to be linearly relatea.for small sampling angles.
The linear relationship indiqates that the sampling volume was.not
being shifted in relation to the focal point as the focus
occurred deeper within the volume. |

The intensity of the light scéttered from the volume was a
maximum when the incident light was focused on the surface of the
siliconelvolume. As the focal point was positioned immediately in
fropt of the surface, the intensity immediately decreased to zero.
As the focal point was positioned immediatelylbehind the surface
within the silicone, the inténsity Bégan falling off, reachingla
plateau rapidly. This intensity plateau was maintained until
the focus occurred on a metal cylinder wﬂich was coaxially
positioned about the motor shaft to heip support the silicone
volume.' At this point a second maximum was reached which

indicated the stronger scattering from the metal surface. The

" practically constant value of intensity from within the silicone

indicated there was little change in sampling voiume. The rather
sharp decrease in intensity when scanning the focal point through
the silicone-air interface indicated a shorﬁ sampling volume.:

' The light iﬁtercepted by the limiting apertures ﬁas spread

out over an elliptical area, indicatingvbackscattered rays were

coming from a finite volume rather than anpoint. By selecting
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the portion of this ellipse which interfered, the sampling
volume could be varied. This could be done in two ways. First
the rays could be reflected through a long path so that the rays
could diverge. A slit or aperture|could intercept a portion of
this expanded ellipse to select a small effective sampling volume
in the silicone. Another teéhnique~would be to focus the mixed
beams with an aplanatic lens. .A pinhole could be placed at the
focal point to select the small segmeht of rays corresponding to
the small sample volume in the silicone.

M. Liguid Volume Scatterers. The flowing liquid system was

studied to determine if any additional effects were contributed by
a three-dimensional laminar flow as opposed to two- and three--

dimensional solid scatterers. Care was taken to eliminate bubbles

from the flowing stream. However, after air bubbles were inadvertantly

introduced, it was found that their contribution to thé backscattered

intensity was negligible. This should have been anticipated because
of the large difference in transmission of air bubbles and the 3M
Nexel Velvet Coating particles suspended in the flowing stream.

The low velocity of the flowing liquid placed the Dogﬁiéf'freé‘
quency peak in the region of severe longitudinal mode noise on the
spectrum analyzer display. This made it necessary to vary the
velocity of the flowing stream to place_ﬁhe frequency peak between
noise peaks. This severely limited the versatility of the system.
The width of the frequency peak appeared to be determined by the |
50 kHz spectrum analyzer line width rather than by charagteristics

of the flowing stream. The value ovaoppler frequency wﬁs approxi-

e et e m—— e =+
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mately 250 kHz which corresponds to a particle velocity of less ﬁhan
10 cm/sec whiﬁh is well within the laminar flow region for the con-
figuration of flowing sysﬁem used.

The particles which collected on the inside of the window used
for viewing the flowing stream, caused surface scattering to Be'
predominant. However, the lever arm technique for limiting-
scﬁttering volume discussed in the section on solid volume'
scatterers was used to eliminate this scattering and to select the
region of the scattering volume desired. The pinhole technique of
volume selection was not tested for liquid volume scatterers, but
it should be as satisfactory for this use as.it was for solid vqlume
scatterers. -

The evolutionary process toward an optimized "véiocimeter"
involved the study of all the parameters that could contribute
to a dete:ioration invthe readout or to ambiguities in the readout.
It also involved a study of the parameters that could contribute
to a better readout épd understanding of this readout. The final

result of this study is given in outline form in Figure 1.
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VII. - CONCLUSIONS

It was possible to optimize the geometrical configuration of
the laser Doppler "veiocimeter". The optimum geometry demands a
syﬁmetrically heterodyned sampling system with heterodyning
voccurring between two scattered beams rather than between a beam
tha:b is frequency shifted and one which is nvot frequency shifted.
This arrangement minimizes some sourceé of noise and eliminateé
frequency‘spread caused by a finite aperture size.

The laser contributes the major portion of noise in the
readout spectrum. This noise is white and cannot be eliminated
by filtering. The beam splitter in the heterodyne network contri-
butes to a significant loss in signal because of-beaﬁ imbalance
'and absorption. Light scattered from dielectric Mie particles is
elliptically polarized; that from metal particles is linearly
polarized. Fine lobe structure, inherent in scattering of
coherent light from Mie particles, is the major cause of loss of
heterodyne efficiency becausg of the low probability of complete
overlap of the entire volume of the two heterédyned beams:
Longitudinal moding of the laser, misalignment and lack of
coincidence of the heterodyned beams, and the beam splitter are
the other major causes of loss of heterodyne efficiency.

'Inherent frequency spread for a givén IF bafdwidth, sweep
width, and sweep. rate in the séectrum analyzer are major causes of

Doppler frequency spread on the display CRT of the ppectrum analyzer.
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The vertical dimensién of the focused input beam intercepts a finite
spread of velocities and therefore cauges a frequency spread. The
horizonﬁal dimension of the focused input beam is analogous to an
uncertainty in observation angle and as such also represents a‘A
frequency spread. |

The effects of particle size, particle s{ze distribution, and
particle shape can be neglected only if the criteria for Mie's -
original theory of spherical particles are met. These criteria are
easily met. The existence of practically linear isofreqnency‘coﬁ-
tours in the backscattered radiation permit use of rectangﬁlﬁr
apertures rather than the small circular apertures. This is trﬁe

within the angular limits determined by the lens aperture.
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TABLE 1

LASER CHARACTERISTICS

. Rated ,
Laser . Output Relative Major
Power Noise ' ~ Use
Spectra-Physics 10 mWw High Study of Scatterers
- 112 .
Spectra-Physics 50 mW - Lowest  Other Studies
125
Spectra-Physics 1mW Highest Study of Scatterers
130 : : ‘
Perkin Elmer 0.5 mW High Study of Scatterers
PE 5200
TABLE 2
SPECTRUM ANALYZER CHARACTERISTICS
Resolution Dispersion
Spectrum (IF Bandwidth)  (Sweepwidth) Sweep Rate
(kHz) (kHz/cm) (sec/cm)
Singer SPA-3/25a 0.2-25 0.3~300 0.l—>'10-3
Tektronix 1L10 0.01-1 0.01-2 <l->5x10“3
Tektronix 1L20 1-100 1-10" <1->5x10"3

N . -
: .



- . . .
B I T N I N BN B B BN B B D EE O EE B T B e
. - . . . L . .-

Photomultiplier

DuMont 6911
Amperex 150CVP

RCA CT0038D

TABLE 3

Dark

Current

15.0 pA
i0.0 uA

1.3 nA

- PHOTOMULTIPLIER CHARACTERISTICS

Response

S1
S1

Special

Equivalent
Noise Output
(R = 50 Q)

0.75 mv
0.5 mV‘

0.065 uv
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SCATTERERS STUDIED

TABLE 4

See Lee (10)

Material Preparation Type Scattering Scattered
Centers Pattern Intensity
Aluminum Sandblast Uniform Shaped Poor
Aluminum sic Uniform Shaped T/1
Steel A1203 Flat Shaped Poor
Steel SiC Random Shaped T/1
Graphite None Platelets Shaped Very Poor
Carbon Deposition Random Shaped Very Poor
Paper None Cylindrical Multilobed Poor .
Plexiglas Sandblast Uniform Shaped " 1.5/1
Plexiglas Chemical. Non-Uniform Variable Variable
Glass Beads None Spheres Uniform Poor
Mycalex None Non-Uniform Variable 'Variaple
Enamel On Substrate Uniform Isotropic L/1
Pigment On Substrate Uniform Isotropic L/1
Willemite Deposition Random , Isotropic Good
‘Teflon - None Unknown Dependent Good
Polyethylene Polish . Globules- Dependent iabod S
TABLE 5
MISALIGNMENT CAUSES OF INEFFICIENT HETERODYNING
Cause Mathematical
Factor
Angular separation between two parallel beams. Exponential
Spatial separation between two parallel beams )
ghich are also mutually parallel. Exponential
Misalignment of the major axes of the polar-
ization ellipses of the scattered rays. Cosine
Deviation of one or both of the heterodyning
beams from parallel ~ Exponential
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TABLE 6

RELATION OF £ TO ©
Observation £, Approx. £, Exact | % Error
Angle (0) - (MHz ) (MHZ)
17° 20" "27.7768 o 27.3554 o 1.54
15° 24.0380 23.7644 1.15
10° 16.0250 15.002  0.51
6° 32" 10.4700 10. 4470 0.22
6° 9.6152 9.5978 . 0.18
5° 31 8.8k02 8.827h 0.15
5° - 8.0130 8.0028 0.13

TABLE T
RESULTS OF FREQUENCY SPREAD STUDIES

: v Magnitude of
Effect . ‘ : Contribution

Size of Limiting Aperture a * No Contribution
Particle Size | | *# No Contribution
Particle Size Distribution o | *¥No. Contribution
Vafiations in Motor Velocity ' #No Contribution
Movement Parallel to Optic Axis *No Contribution
Beam Convergence . ¥No Contribution
Vertical.Focal Diameter . 12.4 xHz
Horizontal Focal Diameter ~ 6.8 kHz
Spectrum Analyzer T 50.0 kHz

#Under conditions discussed in the section on "Discussion of Results"
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TABLE 8

EFFECT OF ISOFREQUENCY LINES

Distance above - | Doppler
Optical Plane Frequency
(Inches) (MHz )
0.00 L.900
0030 l"‘gso
0.60 4.975
0.90 4.985
TABLE 9

FREQUENCY MEASUREMENT LIMITS

Limiting Frequency Velocity. Limits
Component Limits (cm/sec)

Singer SPA-3/25a 200Hz-25MHz  0.121-15.1x103

Tektronix 1L10  1MHz-36MHz  605-21.8x10°

Tektronix 1L20 10MHz-4.2GHzZ 6.05*103—2.5hx106
.

6

RCA CT0038D D.C.-4OOMHz 0.0-0.25kx10

C-Cor Amplifier 10kHz-200MHz 6.0-0.141x10

Velocity Limits
(Mach Number)

3.65x1070-0.42
0.0182-0.65T7

| 0.182-76.7
0.0-7.3

0 . 73XI0‘-6-3 (] 65



Noise Source
Photomultiplier
Amplifier

Singer SPA-3/25a
1L10

1L20

Stray pickup’ (laser)
Stray pickup (other)
Laser Mode Noise

Laser plasma and
other white noise

Extraneous coherent
- light

Incoherent light

Condition of het- .
erodyned beams

TABLE 10

NOISE SOURCES

Significance of Noise

No significance
No significance
No significance
No significance

No significance

Factor only at high frequency
Factor only at low frequency

Factor only at low frequency

Throughout spectrum.
significance.

Can be made minimal

Was pfacticaily eliminated

Significant

Magnitude’
0.065 uv
0.01 Vv
0.155 uv
0.0288 yv

0.288 W

=0,1 mV

20,01 mV

Below
detection
limit

Theoretical
. treatment
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X Component'

Laser
Reflectors -
Lens
Scatterer

Beam splitter
Longitudinal modes

Beam spread

Optical filters

Spatial filters

Photomultiplier
Amplifier
Polarization

Volumes

TABLE 11
SOURCES OF SIGNAL LOSS

Causé of Decrease
in Signal
Nonlinear S/N output
Absorption
Absorption, scattering
Isotropic scattering

Absorption, reflection,
transmission

Coherence length of
laser

Non-coaxial beams

Absorption

Geometric shadowing

Loss of response
Wide bandwidth

Loss of frequency

response

Misalignment of E
vectors

Surface effects

Relative
Contribution

Primary

Minor (5%)

‘Minor (8.1%)

Major (99.99%)

Major (Depends
on beam)

Significant (De~
. pends on AL)

Minor

Significant

(18-21.4%)
Minor (< 1.0%)

Significant (25-30%)
Large (Unknown)

3 db at 15 kilz
and 200 MHz

Minor (cosine
function)

Significant

T A s
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Photo-
multiplier

DuMont 6911

Amperex 150CVP

RCA C70038D

Rotator
Angle” .
(Degrees)

10
22

130
38
w0
6k
8l

116

TABLE 12

PHOTOMULTIPLIER SIGNAL CHARACTERISTICS

Percent Sensitivity Percent of
Quantum (Radiant A/W) Maximum
. Efficiency Respopse
0.36 1,750 70
0.36 6,750 70
25.00 3,750 T5
TABLE 13

EFFECTS OF GOLD MIRRORS ON POLARIZATION

Power ~ Rotator
Reflected Angle
(%) (Degrees)
80.6 122
82.2 132
83.9 1ko
85.5' 150
87.1 162
88.7 170
90,4 - 180
8.7 .

Wavelength
of Maximum
Response

8000
8000
5500

Power

Reflected

(%)

87.1

A85.5

83.9
82.2
80.6
80.6

D 80.6

Se— -
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TABLE 14

EFFECTS OF BEAM SPLITTER ON POLARIZATION

Rotator
Angle
(Degrees)

0
10
.20
30
Lo
50
60
70
80
90
100
110
120 -
130
140
150
160
170
180

THE EFFECTS OF SAMPLING AREA ON POLARIZATION: |

Aperture
Diameter
(inches)

0.281
0.250
0.219
0.188
0.156
0.125
0.094

" Reflected
Pover (%)

TABLE 15

Transmitted
Power (%)

w

VAW EFIWN OOV OO &w o

WWWWMN N NN NN NN w

Ratio of Major
to Minor Axis

1.05
1.07
1.11
l.lh
1.16
1.19
1.19



TABLE 16

RELATION OF SCATTERING ANGLE AND E.VECTOR DIRECTION

Sampling
Angle (0).

, 25

45
70
45 |
65

Aperture
#1l
#2
#3

Limit

s
E
max

699.0

-+
E .
min

611.0

No variation here

583.0
50.5
50.0

50.0

fREQUENCY DISTRIBUTION AT APERTURE PLATE

Center
f + 26f
f - 26f

T

6T4.0
681.0
680.5
680.5

TABLE 17

TABLE 18

Material

Dielectric
Dielectric
Dieleqtric
Metal
Metal

Metal

Top Edge
£ + 36
f - 6f

f

EFFECT OF CONVERGENCE ANGLE

0

5% s50°
6° 10’

Sy

89° 50*
90° 10!

Major to

" Minor Axis

C1.2/1
1/1
1.1/1
27/1
27/1
27/1.

Bottom Edge
£+ ¢6f
£ - 36f

f

£, (MHz)

1.016
1.074



TABLE 19

CALCULATED EFFECT OF CONVERGENCE ANGLE

Limit- e CY ' . £ (MHz)

min 2° 30' 86° 30° 0.1436

max 9° 30° 93° 30 - 1.639
TABLE 20

NOISE AND INPUT IMPEDANCE OF SPECTRUM ANALYZERS

Spectrum Maximum IF : Input Equivalent

Analyzer Bandwidth, Af Impedance. Zi Noise

Singer , 20 kHz T2 Q ) 0.155 wv
1L10. 1 kHz 50 @ 0.0288 wv
20 100 kHz 502  0.288 wv
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' Doppler Center Frequency (S

pectrum Analyzer)-

(MHz ) ——

Observation Angle (0) —

Figure 3

M
6L
Sk
4.
3L
(using uncorrected lens)
° fosc:ill
1.09° | 1.275 Mz
2l 2.18° | 2.55 Mz
4.36° | 6.05 Mz
1l
0 : \ L I
o 1.09° 2.18% 3.27° L.36"

FREQUENCY READOUT ERROR CAUSED BY DISTORTIONS

IN UNCORRECTED LENS
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i ;|
o g 4L
N
| d
—
3
. =
<
1 :
| g ? 3L A ' : (using corrected lens)
' é‘,\ 0 foscill
o + 0.005 MHz
BT
l 5~ 1,092 | 1.150 iz
. g, | 2,187 | 2.250 Miz
- & B | 3.270 | 3.350, MHz
I N . 4,36 4,355 MHz
» 8
o
[}
l o
o
&
)
l 8
I -0 ] S l -
i _
0° 1.09° 2.18° 3.27° . 4,36°
l ' Observation Angle © —= |
' ‘Figure 4 .
l _ FREQUENCY READOUT ERROR FOR CORRECTED LENS



SIXV TVOILdO JL 440 ANV ENVId NOILVANASHO HHI OL mdqdoHszmmmm INIT V NO
QIUNSVAN AONANDIYL ¥ITdd0d NO SANIT XONINDIUJIOSI J0 JENLVAYND 40 LOTJ4d

¢ aan3dty

(*ur) suerd Teo13d0 2a0qy souBSTQ
06°0 09°0 . 0£°0

Ho

i 1 R ‘— 14

(]
L]

0061

026° 4

o6y

(zHW) Aousnbazy xatddog

096° 4

086°Y

| BN I e TN N R N B B BN B N SN B e




40LVIOY NOILYZINVIOd V X€ QILIVION SI II SY g HOLOFA NOILVZIYVIOL THI NO HOMMIW QIO 40 R CEL K |
. 9 mhswﬁh

-—UC

i i i 1 L R i _Jw

09T ont 0ct 00T 08 09 - ] o 0 0

(sea133p) g 10393} UOT3BZTIBIO4 JO UOTHO3II(Q
AI

18

3 8 08
(%) oM0g pajoaTIay

1
n
*)

9T3uy JoIIT

\0
<«

o
-]

g8
68

06~




>

Power (percent)
EFFECT OF BEAM SPLITTER ON POLARIZATION VECTOR E

" Figure T
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