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ABSTRACT

Aspects to be considered in the design of a laser Doppler
velocimeter have been studied in detail. These aspects were applied to
the construction of a velocimeter capable of high spatial resolution
and accurate scanning. Moreover the deviée operates interchangeably
both in the reference and differential modes, thus giving the three
felocity components at any selected point of measurement. Experiments
have been performed with the velocimeter to test its reliability in
velocity measurements. These tests have beén carried out using a

rotating disk and scaled down flow channel.



Y

I.

II.

ITI.

Iv.

0

~ ABSTRACT .

&
*
<
LN
[e:
pres
) i
SRy
s Lt
&
Lz

B

~iii-

Table of Contents

- . . . . a e - . . . . . . -

INTRODUCTION . . . . .

‘A,

B.

SPECIFICATIONS AND DESIGN CONSIDERATIONS .

The Electrochemical Reactor Cellvﬂ_.

The Laser Doppler Velocimeter . .

THE CONSTRUCTION . . . . . . . . « . . .

A.

'B.

THE

Mounting Stage for the Velocimeter .
The Observing Lens . . . .
The Laser Module . . . . ; ..
1. The Laser . . . . . . . .
2. The Depolarizer Spatial Filter
3. Thc Laser Mount
The Translétor‘Module
TWO MODES .. e e e e e e e
The Reference Mode . . .
1. Theory . . . R
2. Signal Contrast
3. Reference Beam Sources . . .
i) glass plate . . . . . . . . .
ii) path compensator . . . .
4. Probe Volume . . . . . . .
The Differential Mode . . . . . .

1. Theory

2. Beamsplitters

16
16
23
25
25
25
30
32

36

36

36

39

42

42

48

60

60

63



3. The Geometric Beamsplitter .

a.

b.

C.

4, The Amplitude Beamsplitter .

a.

b.

C.

d.

-jv-

Theory and contruction
Mount .

Shortcomings . .

Theory .

Construction .

The Beamsplitter Mount .

Advantages . . ... . .

5. Altering the Probe Volume

6. Scattering Particles

V. [EXPERIMENTAL

A. Differential Mode . . . .. . . .

B. Miniature Flow Channel

C. Rotating Disk . . . . . .

'D. Hollow Metallized Glass Spheres

VI. CONCLUSION
APPENDICES . . :
REFERENCES

ACKNOWLEDGEMENTS

69

69

75

77

78

78

85

91

93

97

100

. 103

103

104

110 -

114

118

120

136

142



!

T
Nt
>
AL
o
.
L

£
iy
X

I. INTRODUCTION

A.. The Elecgréchemical Reactor Cell

" The hydrodynamic boundary layer through its influence on the mass
transfer boundary layer has é large effect on the electrolytic mass
transfer rate. Sinée these layers determine the limiting rate of
electrode feacfions, their underétanding is vital to the design of
such electrochemiéal processes for energy_conVersiqn, synthesis of
chemicals and the preparation oflmeCals.

In sfudies on the deposition of copper onto a horizontal upward
facing cébper cathode, Tobias andiﬁiCkmanl_noted uﬁder certain current
densities and Reynolds numbers that_the electrode became streaked.
Close exaﬁination of the cross section of the cathode surface revicwed
é series of crests and troughs. This pattern was attributed to the
cbmbined effects of forced and natural convection.

When air néar the earth's sufface is warmedvby the sun, it becomes
less dense and rises. Wind blowing across fhe earth's surface also
imposes forced convection normal to. the density driven natural
‘convection. ‘The velocity fieldiunder combined forged and natural
convection will be néither the hexagonal cells of natural convection,
nor the laminar flow of foréed convection, but under certain conditions

result in roll cells.”’"

Driving forces similar to this case but on the
electrode led the above authors to suggest the existencevof roll cells

on the electrodes. But attempts to confirm the flow field using dark

field microscopy were unsuccessful.
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. Experiments on the horizontal electrode rectangular duct Cu/CuSOA/Cu
electrochemical reactor showed significant increases in the limiting
current in the flow regime of combined natural and forced convection. .4
.McLarnon in his interferometrically” obtained concentration profiles
on the same system gave only qualitative information on the effects of

natural convection since light deflection effects represented an

integrated effect through most of the boundary layer.

B. The Laser'qupler‘Velocimeter

An jearlier reference mode laser Doppler velocimeter had been
built fér viewing fhe flow éell,6 but the device wés much too crude for
measufing the more interesting boundary layer region. Also several
years of negléct together with no processing electronics being provided
had left the velocimeter-inbperable. Hence the present device was
.designed and constructed. Since interfgrometric studies yielded data
only on concentration fields, the velocimeter was built to provide data
on the hydrodynamic- field. = The combined data of these twb instruments
would well characterize the reactor systém.

Inter%erograms'in the regime of combined forced and free convecgion
could also éid in correcting the location of probe volumes shifted by

light deflection. Since the concentration changes little in the flow

=

direction a twé dimensional theoretic profile can be modeled. vThis s
could be sectioned into layers of conéfant concentration and a computer

solution to light deflection can be calculated. -1f the vesulting model

and interflferogram matceh, then this model could be used Lo correct fon

the location of the probe volume (see Fig. 1).



o

/// / CopperCcﬁwc{/// |

Fig. 1. Light delfection caused by concentration gradients A laser beam is deflected by a
hypothetical sinusoidally varying concentration field.

Symbols:

A

oo O w

Laser beam _
Lines of constant concentration
Sinking of heavier fresh electrolyte down to the electrode

Upwelling of the less dense exhausted electrolyte
Boundary layer thickness
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Alternative methods for.quantitative velocity field determination
exist, but are not as accurate as the laser velocimeter. The advantage
of'this instrument over other mgthods liké hot wire anemometry are that
the fiuidvis left unperturbed by the probe, thé signal needs no
:calibration,.and the signal is linearly proportioﬁal to the velocity;

Its advantages over other optical methods such'aé dark field
microscopy is its finer light scatte?ing particles which more closely
represent the flow of the fluid. Microscopy cannot maintain a sufficient
depth of focus when méasuring the velocity of micron sized particles,
nor can it measure veiqcities with the same accurécy. It also cannot
give the velocity component along the microscopé's optical axis if it
is to have a sufficient depth of focus. The velocimeter with its very
small probe volumes provides measurements approximating point velocities
aﬁd'with the locations of each point of measurement selected with
accuracy, greatly.excells over dye techniques. Measurements by laser
velocimetry on velocity profiles in ducts for laminar7_ll and turbulent
flowla—16 agrees well with theory and alternative techhiques of
measurement. The method has been well established as reliable and
hence the laser velocimeter is well suited for studied on the flow in
questioﬁ.

The principle of a laser Doppler velocimeter is based on two
simple wave phenomena, the Doppler effect and the superposition
(linour udditién) of waves.  When monochromatic light scatters form
a moving particle, its frequency experjences a Doppler -shift, much
like the‘fumous red shiftvin celestial bodies. The interference of

the shifted wave with that of an uanshifted wave yields a beat frequency.

I
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Since the beat frequency is linearly proportional to the particle
velocity, one can back calculate the particles' velocity.

Yeh and Cummins 7-were the first to build a laser Doppler veloci-
. 18 27 ~ . . .
meter. Rudd and Durst suggested alternative optical geometries
to the Yeh and Cummins reference mode. Goldstein and Hagenl2 first
reported the use of the differential mode geometry.for measuring

turbulent flows.

0 ¢ . 3 . .
Various improvements have been made but mainly on the differential

. X . . , 19
mode. These include rotating diffraction gratings, acousto-

20,21,62 ,

- 2 ; . . ~
optic, and other devices which shift the .frequency of ‘one

beam by a fixed frequency onto which the Doppler frequency. is added,
thus giving directional sensitivity to the velocity measurements.

Directional sensitivity has also been obtained by using a phase shift on

. . ' 23,64 .
one of the veloc¢imeter's beams. 7’ Other improvements were the

simultaneous reading of two velocity components in a confocal backscatter

- 24 . 25 . , .
system, a three beam two component velocimeter, white light veloci-

28-30,65,67

bl

and electronic signal processing schemes.

19,32,33,70

: 2
meters,
Detailed analyses of signals have also been done which
. . s . ' . 68
included studies on the effect of scattering particle concentration
31 . s
and probe volume cut off on signal characteristics.
Laser Doppler velocimeters have been employed in a number of studies.
: . s : 34, - .
Among - these are blood flow in capillaries, interstitial flows in
35 . . _ ' . L4 L
packed beds, statistical averages in turbulent velocities, velocity
. . . 36 . X .
profiles in flame. jets, vortices resulting from air flow over a sharp

38,66 shock

69

2 . ' e 37 . . .
edge, 3 high current arc discharges,  electrokinetic studies

- 39 ' . ..
front velocities, and measurement of the true airspeed of aircraft.



IT. SPECIFICATIONS AND DESIGN CONSIDERATIONS

+

In order to determine flow fielas close to tﬁe electrode the
velocimeter must have met the following specifications:

1) obtain all three épatial components of the vélocity vecﬁor

2) have high spatial resolutibn (a small probe volume)

3) and scan the boundary layer with accuracy (account for light

'

deflection when necessary)
Interferometric studies on the flow cell have shown for measurements in
thé mass transfer boundary layer, that light deflection errors on
transmitted beams create considerable errors in the determination of
the location of a measﬁrement in the'electrolytg. Moreover with the
onset of natural convection deflection corrections of transmitted rays
become very complex.

Light deflection effects could be minimized by a number of design
features. Whereas viewing flows at an angle normél to tﬁe cell window
simplified both the geometric factors in calculations and the équipment
design, it unfortuﬁately compounds deflection errors since rays must
now pass through the region of highest concentration gradients.
Observing the flow near the walls reduce deflection errors but the
flows would have shown wall effects strongly. 1In addition blockape of
one of the incident beams while in the differential mode would not have
permitted measurements of one veloecity component without extensive
design modifications on the present flow channel. A three beam two

25 v s
component laser velocimeter could have been used here to simultaneously
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give two velocity components, but the duplication.in electroniés would
have been too éostly;

The  above effects could be minimized by observiﬁg the boundary
layer at a down ward angle. In this case both fhe incident and signal
beams would ha?e traversed a fuliy turbulent regidn of fairly constant
index of réfraction, and entered the boundary{layer only at the location
of measurement. -Since the mass transfet layer was smaller than the
hydrpdynamic layer aﬁy effects of the flow field such as roll cells
could have been observed in the region.

Most laser Doppler velocimeters so far constructed or which are’
commercially availéble have béen forward scatter devices, probably
because the forward scatter signal intensities were two to three orders
of magnitude larger than the signéls from backscatter devices.y"40
Thus initial considefations were to purchase a forward scatter

~43

velocimeter41 and modify it for viewing at an angle to the surface
(downward observation) to avoid fhé penetration of the light through
many of the light deflecting eddies! This downward aiming of the
sourée optics (see Figs. 2 and 3) qnd the downward viewing of the
receiving optics on the opposiﬁe side of the cell would have greatly
reduced deflection effects of the large density gradients near the
electrode surface.

But this set—ub when mounted onto the flow cell showed seQeral
shortcomings. Because the measurements were téken quite close to the
electrode which is of polished copper there was a forward reflection
and a dirmmn" backreflection. (I{ou;:;hén ing and v(:or'r«)s;'iAon of the electrode

[

created a somewhat opaque surface allowing a diffuse back reflection)



Fig. 2.

Forward scatter velocimeter in the differential mode. By v
observing the electrode at an angle 6=0 one of the illuminating
beams of the differential mode (A) is blocked by the electrode
(©). '

Symbols:

‘Illuminating beams of the laser

Camera lenses

The flow cell which the velocimeter is probing _
Portions of beams A, reflected from the electrode surface
into the collecting optics. '

Supports for the flow channel"

Glass walls of the flow channel

Polished copper electrode

Cone of light (signal beam) collected from scattering
.particles travelling through the illuminated probe volume
(focal region) : :

o 0O >

= 0 |
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3. Forward scatter velocimeter in the reference mode. The beam reflected from the polished
electrode D, could easily enter coaxially into the collecting optic 1. A beam entering
at this ppsition cannot be removed with a spatial filter and would reach the phototube.
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Becauée of thq fthard-reflection the much larger D.C. signal_induéed
by this reflection would have washed out the smaller ac signal.

The flow ghannel size and platform built for the velocimeter would
have required an'overhead‘precision rail to suspend thie receiving optics
from the source platform. Such a rail would interfer with the removal
of cell windows for the cleaning and polishing of the electrodes. And
because of the fail's'length, it woﬁld also introduce mechanical .vibra-
fions into the system.

Although the translators needed on both the source and receiving
otpics assemblies would havé incréased construction’time and investment,
it was not.the most unfortunate feature of the forward scatter device.
The mpst serious shortcoming was the need to go focal point hunting
with the observing optics. Sinée,the ceil windows refract and the
concentration gradients deflect the illuminating beam and forward-
scattered signal beam by an unknownlamount, superimposing their focal
points is very difficult. The focal point of the illuminating beam
must be huﬁted withithe'obserVing‘optics until it is found by .trial
-and‘error.- Unless the observing optics is aligned with the focal
region of the source optics the probe region will be unilluminatedvand
hence give no Signalé. Whén the translators are shifted to probe
another region, this trial and error focal point hunting must be
répeated. Thié would have been an ‘exceedingly tedious process cven
for the probing of a velocity [ield with a faivly coarse grid.

(A 5%x5%5 grid would have required 125 alignment procodures.)
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" Placing the illuminating énbobserving optics coaxially does not
alleviate the above problems. 1In this case the beams traverse the
1arg¢st number of light deflecting eddies and thus their focal points
are shifted by an uncertain distance. This égain required focal point
hunting. (see Fig. 4) A coaxial optics configuration (as shown in
Fig. 55 is especially poof for the reference mode because there can be
much play in the observing focal point which could still observe a
region wifh illuminated particles. This would create a large uncertainty
in the location of the probe volume.

For study the y+, (the dimeﬁsionless distance from the interface),
dependence in the universal veldcity profile44 the refracted paths of
the beams due to the glass wall is ﬁore easily calculated if gells with
lucite walls with p-xylene or cellé of glass walls with aniline were’
used. In ﬁhe above cases the index of fefraction of the window material
is equal to that of Ehe fluid so that beam deflections are caiéulnble.
The receiving optics can then be positioned beforehand by a precalculated

amount .
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Coincidence of illuminating and observing probe volumes in the
presence of deflection at the boundary layer and refraction at
the cell wall. : :

Symbols:

A TIlluminating beams

B Illuminated probe volume (focal region) displaced by light
deflection and refraction at the cell wall

C Probe volume (focal region) of collecting optics

D Cone of the signal beam collected by lens E

E Lens collecting the signal

F Lenses of the spatial filter

G pinhole of spatial filter, restricting accepted light to
that originally at the probe volume

H Photodetector
Electrode

J Cell windows
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Reference mode with coaxial optics. Illuminated focal region is sampled by optics with

point of observation C.
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ITI. THE CONSTRUCTION

Figure 6 illustrates the final design of the laser Doppler veloci-
meter. The laser output (A) was first sent through a depolarizer
spétial filter module. It then entered the beamsplitter module, and
was brought by three mirrors into the.beam positioﬁing module. It
then entered the translator module,‘which permitted the focal pointvof
the observing lens (G) to be move& along the flow channei‘window.
Lightvwas.backscattered from particles in the channel and returned
confocally through the translator; into a spatial filter assembly (I;J,K),
and finally into the phototube assembly. The output from the phototube
when connected to a spectrum analyzer would then give the frequency
of the Doppler beat. The laser, the above modules and the path compen-
sation modiule were all mounted onto a rigid base pléfe for geometric

stability.

A. Mounting Stage for the Velocimeter

The previous velocimeter had once rested on a léthe bed aluminum
piatform, which also supported a refractometer on the opposite side
of the channel. The platform was constructed of 1/2 in. "U" plates
(as shown by Beach6) and rode on gfooved wheels. The platform was
unstable because of its light open structure and the loose sockets of
the groovéd wheels. Weight placed on one side of the platform (veloci-
meter), was enough to raise the height of the opposite refractometer
side. The p1ntform stid Qusily toward and away from the channcel since

the wheels were not flush against their sockets.  Not only did the
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Fig. 6A. Overall view of the laser Doppler velocimeter operating in the
reference mode. The laser beam is filtered and depolarized
at A, and is brought by a series of mirrors C, through a hole
in mirror D. The beam then goes through a stack of X, Y and Z
translators (E,P and 0) to the focusing lens G. At G the
beam is focused into-the flow channel. Light scattering from
latex spheres seeded in the channel electrolyte (H) is also
collected by G. The signal beam is positioned into the spatial
filter (I,K,C,K) by mirror D. A reference beam is generated
at N, and is sent through a path compensator, a neutral
density filter R and a beam expander S. The expanded beam is
superimposed onto the signal beam at the glass slide N'. The
superimposed beams interfer, and the resulting intensity
variation (the Doppler beat frequency) is converted into an
ac current by a phototube.
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Fig. 6B.
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Overall view of laser Doppler velocimeter operating in the
differential mode. The laser beam is split into two beams
of equal intensity at beamsplitter B. The pair of beams Q
travel through two holes in mirror D and finally arrives at

the focusing lens G. The pair of beams are then focused into
the flow channel.

Symbols:

A 'Depolarizer and spatial filter

B Rotatable beamsplitter (slides out of laser beam path for
operation in the reference mode

C Opaque first surface aluminum mirrors

D Mirror with five holes to allow passage of laser beams

E prism of vertical translator assembly . ‘

F Former location of coated glass slide used as a reference
beam source (replaced by path compensator, N and N').

G Camera lens '

H Micron sized Dow latex spheres

I 88 mm achromat lens

J 50 micron diameter pinhole, part of the spatial filter
assembly

K 100 mm lens

L Spectral filter (.6328 microns)

M Iris diaphragm '

N Reference beam source (glass plate with side where exit
beam exits coated with a MgFy antireflective coating)

N' glass plate where signal and reference beams are united
before entering the phototube

0 Direction of motion of Y translator

P Direction of motion of X translator

Q Illuminating laser beams

R Neutral density filter

- S Beam expander (9.6:1)

Backscattered signal beam and reference beam
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Fig. 7A. llaser Doppler velocimeter operating in the reference
mode.
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Fig. 7B. Laser Doppler velocimeter operating in the differential
mode.
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- wheels slide; but the platform rotated if pressure was put on one
cérner. Washersvwére piéced between the grooved wheeis and the socket
walls, eliminating play and a number of lead bricks wefe placed under
the refractometer to counterbalance the weight of”thé new and much
heavier velocimeter. Thé additional weight of the velocimeter on the
piatform also stopped slippage along the rails runhing along the
channel, and dampened vibration.
" A érude and weak coarse vertical adjustment mechanism was removed
from the platform, and a hinged plated was added. This platé would
-tilt the velocimeter base plate into a downward observation angle.
The laser velocimeter baseplate was bolted to slotted holes in thé
hinged plate such thét during experiments coarse adjustments of tﬁe
velocimeteér toward the channel could be made, and during the disaésembly
and_cleaning of the flow channel, it could be backed away from the
channel. |
Although the hinged plate allowed observations angleé from 0°
(normal to cell walls) to 25°, the angle was set-at only 15°. Larger
angle could not be used otherqise the lené wbuid not fit into the

" recess between the window and frame of the flow cell.

B. The Observing Lens

‘A large beam separation was necessary to produce small probe
volumes which can be approximated as points in a velocity field. Large
solid angles of signal collection are necessary for good signal

to noise ratios. The above both require a large relative aperture.
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ini;ially a one inch diémetef achfomat lens wés_used.which allowed a
'gédd range>of beam separation and a fair amount of mobility in the
3 in. deep by 3‘inf highAflow channel wall recess preceding the cell
window. (photo'from Beaéhé‘fhesis) But such lenses are increasingly
less corrected for chromatic, astigmatic, spherical aberratién; coma,
distortion and field curvature at their edges. More importantly the
vprobe volume cannot be calculated. Generally only in répUtable camera
lénses can one assume that the beam diameter at the.focal point is
.nearly diffraction limited and hence calculable. Projec;or lenses are
not as critically corrected and correcfed more for the central part

. .
(green) of the spectrum. (The laser beam was red)

Lenses made for cameras included various bulky rings for attach-
ments and adjustments as focus and.iris séttihgs. “The front lens was
larger than the back lens'(facing the film). Yet a bulkyvbarrel
would hinder lens movement in the channel recess. Even after much
seatching, the best lens45 was still bdlky; with a 5.27 cm barrel
diameter and a ffdnt,lens diameter (5.16 cﬁ) mucﬁ larger thén the back
(2.29vcm). Since the lens was set go viewvat infinity,.rays diverging
from the light scatterers should have been enteriﬁg from the back 1en§.
This meant_that-tﬁé sﬁailer_diameter leﬁs facéd tﬁe flow channcl,
and would reduce the aﬁodnt signal collectea by (5.16/2.29).2~ Also
tﬁé mdunt blocked nvportion of the back fpcal length (~ 1 1/4 in.)
which was already shorter thén the front focal length, thus further
restriéting the distance at which the lens could view the electrddé

surface.
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C. The Laser Module

1. The Lasef

The laser module included the laser, its mount and a depolarizer-
spatiai filter. The Jodon Model HN15 laser was a éontinuous wave,

15 milliwatt minimum, 632.8 nanometer helium neon laser with‘a regulated
power supply for low output noise. Efforts to install the depolarizer-
spatial filter indicated that the laserhousing's moun;ing beze1 was

over 20 degrees off axis, and also not centered with the output beam.
The laser was returned to Jodon for realignment.é6 It returned centered
and coaxial to within 1 degree.

The laser power supply was rated for a 115 VACvline input, but
‘there were a number of repairs needed for blown capacitors, resistors
and fuses. Even after such repairs and the lowering of the starter
voltage, capacitors continued to arc, especially when a warm plasma
tube was activated. (Warm tubes required higher.starting voltages.)

It was finally discovered that the circuits were designed more‘closely
for a 105 VAC line volpage input, and that the laboratory 125 volt

input lines overloaded the circuits; After resistors were added to the 
circuit to correct this, no further problems with the powervsupply
occurred even when the plasma tube was refired while it was still warm.

2. The Depolarizer-spatial Filter

The depolarizer-spatial filter was used as to filter out the non-
lasing frequencies and parasitic modes of the laser. (Light non-
parallel to the filters axis was blocked.) The spatial filter. could

" have also been used as a beam expander if the back lens (lens facing
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the laser) had been replaéed with one of a shorter focal length.
.Alghough a more aberration free microscope objective could have
been uéed as the back léns, a coated achromét was usedvinstead. This . .
made the design and mounting simpler. The front lens is similarly an
achromat. The pinhole was a drilled 2 mil hole in a 2 mil thick 1/4 in. .
diameter copper disk. This was attached to é grooved edge disk, and
mounted as explained‘later. (see'Fig. 8)
In front of the objéctive lens was a multiple order quarter wave
quartz retardation plate.47 It was used to depolarize (circularly
polarize) the linearly polarized laser output. Because the beams
reflected from a number of coated aluminum mirrors and from the
beamsplitter for the differential mode, fhey experienced changes in
polarization with each:reflectiqn as given by thé Fresnel equations.
If two iinearly polarized beams.of the same state of polarization
(such as the signal and reference beams of the reféreﬁce mode or the
two illuminating beams of the differential mode) travel through different
paths and different optical components, there will be a relative shift
in their polarizations. If the rélative shift results in a ?O degree
shift in polarization, there will be no. interference. For sﬁifts less
than 90 degrees, only portions_of the beams which are of the same -
inténsity and of the same state of polarization interfer. This results
in a loss of signal sfrengtﬁ and an increase in background noise from
the noninterferring portions of the beams falling on the phototube.
When the beams are initially circularly polarized the effects of

relative shifts in polarization are minimized. Here the worst case,
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naﬁely the loss of oné-polarization component and consequently half the
intensity through a Brewsters angle reflection, will still permit
the other component to interfer.

The depolarizér—spatial»filter was attacﬁed.to the\ laser. bezel
of fhe laser housing by six screws which were'also used to.center it.
A small set sérew was loosened in fhe innérmost ring and the back lens
pinhole tubes were removed. The back lens tube was threaded to mount
onto a low power laserag.for alignment of the pinhole. The slitted
tube of the binhole holder was pushed onto the backlens tube and held
vthere by friction. A knurled ring with three’concentfic reéessed tap
SCrews was solder?d’to the front of the pinhole tube. These held the
previously mentioned grooved edge aluminum disk containing the pinhole.

The focus of the lens was adjusted to the pinhole by sliding the
slitted tube towards the lens, and centering the grooved disk by the
three ring screws to yield a maximum brightuess through the pinhole.
When aligned the piﬁhole and backlens tubes were unscrewed from the
low power laser and slipped back into its bezel mount. Prior to
remounting the'locafioniof.theAlaéer output spot was marked on a black
swiss velour paper screen. When the tube was remounted, thé six screws
Qn the bezel mount wére adjusted until the diverging beam:exiting the
pinhole was of the maximum intensify attainable and centered with the
laser spot marking.

Onito the adjusted tube and bezel mount was slipped the snugply
fitting cylindfical cap contéining thé front lens and depolarizer. To

bring the front lens. into focus, the mount was removed, and location of
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Spatial filter and depolarizer. The quarter wave plate converts
linearly polarized laser output to circular polarization. The

spatial filter blocks out light from other modes and nonlasing
transitions.
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- A '(Depolorizer)
|=~— B (Achromat lens)

y—C (Pinhole)

G (e
b — — - — - =

| _L—B (Achromat lens)
DA e

o | | | l/2 inch

‘/} | IW«D (Laser mounting
| ~ bezel)
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Fig. 8.
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the expanded laser spot (lm radian divergepce) on a screen at 18.5 ft.
awdy was markedp The mdunt was replaced and positioned in the method
ﬁenfioned earlier. The cylindér was then pushed inward until the image
was é upifotm.intensity red disk, and showed no focél point along its
projected path. Although the laser output had a maximum beam divergence
of 1 mr, it was hoped that the telescope in addition to the filtering
would reduce this. But instead &he divergence is larger.

The cyliqdér was then rotated such that a polarizing filter showed
no variations in iutenéity as it wasnrOtated in the laser beam.  This
gave equal components in two orthogonal directions. Some refocusing
Qas necessary with this adjustment. Finally the lockihg tap screw was
tightened and.the was thus cylinder secured.

3. The Laser Mount

The laser originally had fouf leveling féet, which provided a
minimﬁm separaﬁion between the bése pléte and laser of a half inch.
From this gap air entered the perforated underside of the laser;
and exited through a similar perforated top'blate'té ﬁfovide air
cooling to the plasma tube. The éooling was necesséfy to prevent
thermally induced instabilities in the outpuf (ndise).

The straps were initially used to secure the laser to the base

plate. But the pressure needed to firmly hold the laser in place
warped the 32 inch long housing. - This reduced the output by misaligning
the mirrors. But more importantly, the stress on the plasma tube

caused by the warping of the tube housing would have increased the

likelihood of the tube cracking and leaking. T1f this occurred the tube
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would cease to lase. Hence a light pressure was used to strap the léser,
thch resulted in frequent slippage and making frequent realignment
‘ necessary. The sinking of indentations in the base plate for the four
léQeler.feet.to prevent slippaée was not feasible since this did not
- permit 1atéral»adjustment of the laserhead.

| The straps were removed in favor of a more rugged cradle. ffﬁ was
made of quarter inch thick right‘angle beams for'strength. This‘élso
preserved the open structure needed for the air cooling of the plasﬁa
tube. The cradle was held to the laser housing using the threaded
shafts which once held the leveling feet. Two 1/4 in. thick‘shért plates
were attached to the cradle and provided for leveling. The éentra}f{
bolt of the front plate was secured to the base pléte, and actédtéé¥éf
pivoﬁ while two screws, one on either side of ;he centef, and tapﬁéd.
into the plate, adjusted the height and tilt of the cradle front.
'TWélve'inches from the rear of the cradle, where the cradle begins to
extend beyond the baseplate, three holes, two tapped and one bored,
were made'in‘the baseplate.. A crossbar on the cradle with a slotted.
" hole and countersunk edges containing a sliding block " of alumiﬁpﬁ;_
with a l/a.in. tapped hole fitted into the countersink and slot. Tﬁg:
B block was'pulied downward by tHe central bolt of the base plate,
thus controlling height and pivoting. The two adjacent bolts pushed on
the cradle frame and thus contrélled tilt on the back end of the laser.
Once the pivoting, tilt and hcight were adjusted, and the screws wbr¢
‘tightcned, 1o furthér slippage was observed. |

The secured 1a$cr now allowed the building of a permanent ]ighL: 

~baffle which prevented stray light exiting the perforations of the
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laser casing, from reaching the phototube and burying the low intensity
signal.

Freqdent realignment required removal of the previous baffle,
requiring much time and causing damage from excessive dismantling.
But now a permanent baffle was installed on the laser and élso on the
various modules. Thef were c;nstfucted of 16 ply cardboard and lined

~

with strongly light absorbing swiss velour paper. (see Fig. 7)

D. The Translator Module

A system of precision translators50 provided for the accurate
scanning of the focal volume. A set of two horizontal and one vertical
translator waé mounted onto an interstage plate. To métch channei
height with that of the observing lens the vertical translator was
mounted onto a block which was then bolted to the based plate. Onto
one side of each plate was mounted a mirror or prism, and onto the
opposite another translator. The observing 1¢ns was mounted as close
to the level of and protruding as far as possibie from the final trans-
lator to maximize lens mobility in thé channel recess. The interstage
plates moﬁnted adjustably-onto the movable portion of the translators,
and as such allowed coarse vertical and forward (toward channel)
adjustmgnt. Coarse adjustment aloﬁg the channel window was unnccessary
since the lathe bed carrier upon which the veldcimeter rested already
traveled in that direction. Finc adjustments were on a 50 am travel
lnjx'r(nnélx:rs (.01 mm precision) pushing the spring lu:ulvt? translators.
ALl micrometers faced opp'o.sitc to the channcl f(.)r access daring

experiments.

"
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Exploded view of the translator module. The interstage
platforms (B) and translators (A) are stacked so that the
lens and the beams which illuminate the probe volume have
three degrees of translational freedom in order to sc¢an the
velocity field in the flow cell. '
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The array of mirrors (Fig. 11) on the interstage platforms, were
each mounted on a plate with one pull and three push screws for control

of their rotation, height and tilt. 1Incident and signal beams entering

.

the array parallel and coagial with the observing lens axis remainedl
parallel and coaxial‘as fhey traveled from the.Beam positioning module
to the observing lens. Once the location of the focal point .was
established on the electrode its position after translation of the
‘incident beam(s) can be calculated.

The last and most important design feature involved three of the
above mentioned modules, the beam splitter, beam positioning, and path
-compensating modules. This gave us interchangeability of modes thus
allowing measurement of. the three velocity components, while remaining
at the same probe volume loéatidn.‘ Associated with this was also the
Aesire to maintain a similar focal volume, or spatial resolution, as
one éhifted betﬁeen reference and differential modes. To better under-
sténd the final selection of the present design it was necessary to also
examine the limitations inherent in this device when operated in the

reference and differential modes.



Symbols:

A - Laser

C laser output o

D - mirror with holes to permit passage
of the illuminating beam C,

E light scattering particle, Dow
uniform sized latex spheres

F cone of signal beam '

G - spatizl filter : ' -[::

H spectral filter

I - iris diaphragm

J phototube :

u - velocity component measured in

r
~

the reference mode

“NXBL 762-21497

Fig. 12. Simplified drawing of the.reference mode as shown in Fig. 6A.
The velocity parallel to the exis of the focusing lens is measured when

operating in the reference mode.
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- IV. THE TWO MODES

A. The Reference Mode

1. Theory

When‘operating in the reference mode measurements are made of the
velocity component along the optical axis of the observing lens. “In
a sihplified drawing of this geometry, Fig. 12, the laéer'light is
first divided into a low intensity reference signal (shown by the
back reflected beam from plate K and mirror D) and a brighter beam
that is focused into a flow cell.. in the cell the flowing electrolyte
is‘Seeded with micron sized spheres of neutral bouyancy (latex épheres).
Because. these spﬁetes are smaller.than eddies and because of their
neutral bouyancy they flow as ﬁart of the fluid.

When a latex sphere traverses the focalvvbiume (E) it scatters
light. But since the light scattering particles are moving the light
frequency experiénées a Doppler shift. The focusing lens -then collects
the backscatteredvsignal and converts its spherical wavefront into a
planar front. This planar wavefront is Qnited with the planar reféfence
beam wavefront. These superimbosed signals are then sent through a
spatial filter which excluded scattered light from pnrtﬁcles outside of
the probe volume. The superimposed beams interfer-td give a‘Doppler

. 52,53 "
beat whose frequency is converted by a phototube™ ’ into a current,

.

. . ‘ 54 . .
is read by a spectrum analyzer, and is displayed on a storage

r

. 55
oscilloscope.
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Symbols:

XBL 768-7430

Fig; 13. Light scattering from a moving particle.

incident wave, planar wave front

light scattering particle (micron sized)
the scattered wave, spherical wavefront
the velocity vector of the moving
particle, A

K the wavevector of the incident beam

|l =

K - the wave vector of the scattered beam

gz and,U* the components of U
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The Doppler frequency is calculated below for iight scattering
froh a particle with an arbitfary velocify‘vector U and at. an observa-

tion angle 6, as shown in Fig. 13. The incident wave vector is’

L

represented bY.EO and has a frequency of vo = o

[K ]. A portion of
_ -0
this beam is taken as the reference source so that the reference beam
- can also be represented by 50. The incident beam Ko scatters from a
light scattering center A? and the conevof light scattering at angle
0 to the incideﬁt path is collected by the observing lens. This
scattered beam is répresented by’thé wave vector gs.

~The incident beam is moving relative to fhe scattering particle so
that the frequency of the light striking the moving.particle experiences

. T ey _];_ . . -
a Doppler shift, hence v =V o (50 U). The frequency of

particle o]

the light scattering from the moving particle also experiences a

Ly vy,

Doppler shift, hence its frequency is given by Vo T —[vparticle'_iﬁ K,

where the minus sign arises from the 180 degree phase shift experienced

after an external reflection. The above equation can be simplified to:

—l-[K -K)-U ' | (1)
—0 —S -

Vo= v+
s \)O 27

o

and is the frequency of the signal collected by the observing lens.
When the waves of the signal and the reference beams are superimposed
they produce a beat frequency equal to the difference in the frequencies

of the two interferring waves. The Doppler beat frequency is then:

= -K)-U (2)

)
3 - e
\Doppler 2ﬂ>(50 =g
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&

Substituting the components of Eo’ Es and U into Eq. (2) and simplifing

terms, one obtains;

C S e es -
VDoppler =3 (Uz sinf + Ux(lﬂ'cose))

where lambda and theta are taken to be in the fluid.

"2. Signal Contrast

If the wavefront werevnot strictly blanar an iris diaphfg;m would
be needed to_restricﬁ the interference pattern to a single'fringe. wﬁen
the focus of the second lens of thg spatial filter is not exactly at
the pinhole, the beam either divefges or converges. The résulting

- signal wavefront is then spherical. Interference with the refercﬁce
planar wavefront of the beam will now give a series of concentric
annﬁ]ar fringes much like Newton's rings. When viewing several .of these
fringes; the current over the phototube will remain fairly constant
since the Doppler beat would merely alternate the iocation the light
and dark zones. Hence viéwing of only'one fringe is neceséary for a
good signal to noiSé ratio (sharp intensity contrast). This required
aperture for a single fringe for a given'beam divergence is shown

in Fig. 14.

In order to produce a fringe the bright region of the ffinge must
be A/2 out of phase with the dark region. When the fécus of yhc second
lens of the spatial filter is too close to the pinhole, the beam
diverges. This divergent wavefront is spherical so the location of the
fifst fringe can be calculated. 1In Fig. 14 the location of the first

fringe, S, at the iris diaphragm of the phototube is calculated. To
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Symbols:

A - Source of spherical wavefront - ¢

B - Wavefront at distance R from its source

C - Screen placed at distance R from the source .

D - Distance from D to F is the distance over which the divergence.

of

=
|

the signal beam is measured after it leaves the spatial filter.

The radius of the signal beam as it leaves the spatial filter

(see Fig. 6A,K).

C

)

A B, /\/2

\ ' F? =%

E xperimental Determination of R

Fig. 14.

XBL 768-743|

Location of the first fringe for a spherical wavefront (upper
figure). The experimental determination of R (lower figure).
When two waves are out of:phase by half a wavelength, and a
planar wavefront is brought to interfer with these two waves

at a screen C, one wave will appear dark, while the other brisht
(constructive interference). 1In the figure the first fringe will
appear at the distance S on the screen C. R ig experimentally
determined by measuring the divergence of the signal beam 0 and
extrapolating a line back from the spatial filter D, until 1t

- intersects the axis of the lens of the spatial filter.
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‘obtain S as a function of R one must first rewrite 6 as a function of

hence:
COS'e = ._.__:R._ = -J'_

. R+X/2 1+x

where ‘
‘ A
= — <<
X 7R 0
~and since x << 0, then tanf = sind = V1 - c05281 Substituting for

cosB = f(x), simplifying terms and taking the limit.as x—*O; oﬁe
obtains ;tanG = V2x, and examining triangle ACD of Fig. 14, one finds
that S=R tan® or S=/VAR. . For the present velocimeter R = 10 m,

A - 6328A and so S = 2.5 cm.

The expapded reference beam‘diametér divergence is smaller than
vaIue of S. This value of S.is larger than the maximum iris setting,
heaze the iris is used only to ptevént excessive intensities from
saturating the photétube.

it should be noted that the,flatﬁess of the cathode is not a
neééssaty_condition for good signal chtrast; There is zero contfgst
: wﬁen half the phototube is 1lit and the other half is.darkened; Beats
then merely alternate the location of the light aﬁd'dark”zbnes of the
fringe pattern. If one compares the distance #ra?eled by the Doppler'
beat envelope in_a.quarter cycle (for a 10 KHz beat, a quartercycle,
it is .025 millisecond) to the wave velocity (.10]0 ém/sec), the surfac

3\ ‘
rohghness needed for a fringe is (—Bgﬂglgz)(lolo'cm/sec) = 2.5x105'cm
(4x109 cyqles/beat enveiope). Hence the few millimeters of height

variation on the photocathode can hardly have any cffect.

Q.
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3. Reference Beam Sources

i) Glass plate. From Fig. 16, a graph43vof'contrast ratio versus
optiéal path difference for a 7 ﬁw Jodon laser,'one can see that a
_'minimum acceptable contrase ratio of 0.8 cerresponds to an optical path
diffe?eece of 12.5.cm (the coherence length). The corresponding optical
path difference for our 15 mW laser is longer than 12.5 cm because the
coherence length is mildly dependent on the cavity length. The 7 mW
laser (mode spacing_C/ZL = 260 MHz) had a cavity spacing of approximately
20 in., while our 15 nW laser (C/2L = 190 MHz) had a cavity spacing of
about 30 1in.

To evoid long path differences between the incident and signal
beams, it would have been best to place the referenee beaﬁ source just
before the focusing lens. With the lens effective focal length of bnly
50 mm, tﬂe optical path difference between ineident‘and signal would
then be only 10<0‘em. The lecating of a reference source here would
also have reduced the number of compqnente to align and eliminated the
constructing of a path compensator module necessary to correct for
large path differences.

Many users of reference moee devices have used particle Qith
diameters less than the wavelength of the laser. In this case the
E field of the light eurroundé tﬁe particle, and'fop a die]ectric
particle;'dipole radiation radiation is emitfed (see Fig. 15). This
is Ray]eigh—Cnné scattering, giving nearly equal back and forward

scatter intensities.



Fig. 15.

XBL768-7432

When the incident wavelength is much larger than the radius of the dielectric sphere,
the light scattering from the particle is dipole radiation resulting from a dipole
moment induced by the sinusoidally varying E field of the incident light. T is
called Rayleigh~Gans scattering. (The particle shown in the Fig. A, is drawn much
larger than in actual scale to E or to the lines of constant field.

_Ef7_
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A reference-soﬁrce_which ﬁet the above requirements wasva'plate/
of glass with appropriate optical_coapings, placea jusp before the
illuminating beams enter thevobserving lens. Because scattering
intensities proved to:be much less than originally thought the use
pf a glass-piate fo generate the reference beam was not possible. A’
glass plate serving as the referenge beam source would have been
feasible only if thg-signal were at least .25% of the incident intensity
and preferibly higher (1%). For signal intensities to 1% of the
incident intensity, the front of the glass plate could have been coated
with an antireflective MgF2 coating (1% reflectance at normal incidence)
and the back side could have been'coated with a multiple dielectric
coat to give a .25%56-reflectanée. I1f the signal were only .25% of the
incident intensity both sides could have been coated with the .25% |
reflectivity coating. But below that level Qf intensity, no coats
were found to match such signal intensities. A high peference to
signal beam intepsity ratio would have greatly decreased.the SNR.

At the focal point of our velocimeter, the beam.radius waé ZQ
microns. Light scattering from a 2.02 micron diameter particle could
ﬂave been .25% of the incident intensity only if the particle behaved
as if it were a perfectly reflecting flat front surface mirror. But
reflectivities were much less.83 Larger particles which reflect more
light were not feasible since the 2.02 micron latex particles already
exhibited a slight tendency to settle; and 1arger_particles would
settle even more rapidly. Hence such settling particles could not have

been used to reproduce the motion of the fluid. But for operation in
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Fig. 16. Effect of optical ﬁath difference on the fringe visibiiity for a 7 mW He-Ne laser.

The coherence length is usually taken at a high value of fringe visibility
- (i.e. 0.8) just before the slope of the curve begins to more sharply decline.
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. ' . . . 8 ' v
17A & B. Scattering intensity diagram 1 for nonabsorbing spheres

scattering by geometric and diffraction mechanisms.
" For latex spheres in water the ratio of refractive indices x,
is 1.33, _ _

.A - scattering diagram for .4 micron spheres (m=r 21/A=2)

B - scattering diagram for 1. micron spheres (m=5 .
In comparing Figs. A to B one can see that a change_in the ratio of
the radii of 2.5 results in a change of two orders in magnitude in
the scattering intensity for forward scatter. For scattering by
dielectric spheres, the backscatter intensity is very small,
for m=2, i7=1.6, while for m=5, ip=.044. i, is the intensity
function of the light oscillating normal to the incident axis and
in the plane of the page. iy is the intensity function of the
light oscillating normal to the incident axis (A), and normal to the
plane of the page.

83
Note: iy and iy are also available in tabulated form ~. The power
' scattered by spheres in a volume is given by P:

p o ALGEmO) o 5 g

4W?\ s 'd d.
where
x =1 2w/A
P
Pd is the incident power of the lgser = aser/( r )

r is the radius of the laser beam

Nd is the number of scattering particles in the volume
) is wavelength of the incident light

O is the direction of the scattering

QS is the solid angle of observation
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‘the differential mode,-particles-with diameters'greater than the laser
wavelength are necessary=tovget'acceptable SNR's'(see next sectioﬁ).
SuCh.particles do not scatter by the dipole meéhanism but rather by
'geémetric and diffraction scattering or by an intermediate mechanism.
These scatéeriﬁg.regimes givé much lower‘Backscatter than forward

scatter intensities. (Fig. 17)

ii) Path compensation. The lasér lighﬁ is usuaily associated with
excellent monochromaticity and an exceptional coherence length (meters).
Therefore it would not have been necessary to compensate path lengths.
6né could then place a beam expander and neutral density filter‘at N
in Fig. 6 as the referenée source.‘ But holographic57_work has héwéver
éhown;that the very coherence length very short (centimeters). (Fig. 16)
Tﬁis length can be extended to meters. But it wéuld require the
filtering of pafasitic frequencies. near 6328A with either a Michelson
interferometric filter or a Fabry-Perot Etalon installéd in the laser
at an intercavity location. These_d;vices prevént by destrugtive
interferenée the'lasing of parasiﬁic frequenéieé thus allowing greatef'
amplification of an extremely narrow band. " (This implies that nvfilter
can also be placed outside but with large power iosses;)

Low power lasers are not-equipped‘with intercavity access. The
lowest powof lleNe laser found with an intercavity experimentai chamber
is. Jodon's 50 mW laser. But Lasers of sucﬁ power are not only more
costly but also_mﬁch more of a health hazard. Even with an inter=
cavity chambér etalons and interferometers are very sensitive to

temperature variations and mechanical vibrations. With neither the
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Fig. 19. The coherence length (monochromaticity) of a laser can be
increased by placing a Michelson interferometer filter in the
laser cavity. Parasitic frequencies near the main lasing
frequency of the laser cavity can also lase. These frequencies
like the main frequency are also amplified with each pass
through the plasma tube. As a result the gain of the main
frequency is. reduced. Since the output of various frequencies

-are coaxial, the fringes of the parasitic frequencies randomly
overlap onto the interference pattern of the main frequency
and thus decrease fringe visibility by increasing the back-
ground radiation.

When the Michelson interferometer is placed in the laser
cavity and adjusted to create a bright central spot pattern
for only the main frequency, the parasitic frequencies can
never build up in the laser cavity. The Michelson inter-
ferometer consists of two semitransparent and two opaque
mirrors. A portion of the intercavity beam B, travels through
both of the semitransparent mirrors E, while another portion

- travels through an extrapath length C, before it is reunited
with the beam B at location D. By adjusting the path length
of C, frequencies near the main frequency will be out of phase
with those of beam B, hence the parasitic frequencies
destructively interfer at D. At the main frequency the beams
reunite in phase at D, and hence they are unattenuated
(constructively interfer). The main frequency passes back and
forth between the cavity mirrors (E and F), and is now the only
frequency having a very high gain (there are also no competing
frequencies) through amplification by stimulted emission of the
excited atoms in the plasma tube A. With the filter in place,
the parasitic frequencies which are amplified in the plasma
tube are extinguished (destructive interference) in the
interferometer, so that there is no net gain for these
frequencies.
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simpie glass plate nor the_extendéd coherence lengtﬁ'possible it was
‘neceéssary to insfall a path compensators.

'>Our earlier reluctance to installing the compensator stemmed not
.only from thé long path correétion (63.44) but also from the increase
in the density of components, mainly mirrors. Because of the long path
and the small space availabie on the velocimeter platform, six mirrors
with appropriate tilt platforms aé shown in Fig. 46 were used. (refer
to Fig. 1 fornlocation of compénsator)v Alignment was no PtOblemﬂ but
mirror distortions were compounded by the large number of reflections.
There are two factoré-assumed to contribute to the size of the reference
mode brobe volume. _Theée are the spatial filter,‘and the intensity

variation of the focal zone.

4. The Probe Volume:

Even for a perfectly-corrected lens light still cannot be fécused
into a infinitely small focal point as expected in geometrical opt{cs}
Inétead one obtains a diffraction limited diémeter called the Airy disk.
This also implies a certain beam waist profile in fhe focal zone which
variés from linearity. ”Since the author has used I/IO =.1/82 as the
edges of the Gaussian laser beam, the same limi;s.shou]d be used to
determine the edge of the focal zone. This zone should be where the

ratio of the beam edge intensity T, z, the beam axis intensity, 10 is

3

2 . ' ) ' . .
1/e”. In a study of laser beam focal waists by perturbations on a.

s . - 58 : . P -
applied electrical field the focal region showed a parabolic profile

as given below:



[
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XBL768-7438
Reference mode probe volume. Experimenta158 measurements have shown that the focal region
of a Gaussian laser beam has a parabolic profile. At B/2 the intensity of the beam'along
the z axis decreases by V2. W is the edge of the Gaussian beam. The intensity at W is
1/e? less than the intensity at the z axis.
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For the variables as given in Fig. 20

2

% . )

b = (Z;fi)/(kw W
and

1/2 (radius of Airy disk) (10)

_ \%
e = (b/k"™)
Thus the Gaussian envelope of the focused beam (where the intensity at

the z-axis is l/e2 larger than at radius w) is given by
2
W= wo(l + (2z/b)") (11)

For the velocimeter, b = 1.39 mm, Mg S 10.8 microns and w, = .85 mm.

So in order for the intensity along the the Z to decrease by 1/c2 from
the focal point (wo), wo/w must be 1/e (the area has expanded by
(wO/w)z). Thus for the velocimeter location along the z axis where
wo/w = 1/e occurs at z = .9 mm. The author assumed that signal
originating < 0.9 mm would be about an order of magnitude brightér than
signals from outside the region, so that signal from z > 0.9 mm would
be buried under the stronger signals.

The value of b/2 (where the intensity along the z-axis falls by a
factor of 4) is fairly large and a smaller value would be necessary for
high spatial resolution. From Eqs. (9) and (10) one can see that
expansion of the beam diameter would not only decrease the beam waist

but that the intensity would decrease more rapidly as one moved away

from the focal point (smaller b). Improvement in spatial resolution, z

’

9 ‘ L BT
is proportional to w), z = wz (kw/f]) /(w/wo)—l.

1’ 1
In Fig. 33, the beamsplitter module, one can sce that a bean
expander could be easily fitted into the hole (E) provided in the

rotating mount to allow for operation in the reference mode. But beam
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Path compensator. The reference beam produced at the glass
plate N of Fig. 6A, enters the path compensator at A. The
beam is reflected through a series of six first surface
mirrors (flat to A/10), passes through a neutral density
filter and through a beam expander. The beam exists at

point B and returns to the glass Plate N'. The overall
path traveled by the beam is 60.5 cm.
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expansion pbses another problem.

At present tﬁe five ﬁole mask (mirror D of Fig. 6) must be slightly
off 45° éo that the center of the light cone from fhe returning signal
does no£ exit ﬁhrough.the‘central hole. If it did, about 4% of this
light resulting from a glass interface reflection would finally enter
the phototube. But‘this siénal also suffers from low backséattefing
and tﬁe small opening of the iris. Beam expansion would increase the
‘hole size in the mask and thus make it Unlikelyithat light be reflected-
from an area at the edge of the héle, and into the sbatial filter
(aligﬁmeht prdblems).-

The other detefmining factor of the prOBe volﬁme is the épatial
filter. As Fig.‘21 shbws; a certain aperture size R will restrict the
distance away form the fbcal plane where light can be gathered. The

region resulting from the aperture is a biconical solid (see Appendix I).
R = (55) Af = .03 Af o ' (12)

At present, a 50 micron diametér aperture will give_the flow channel a
Af = .23 mm. Since Af < b,‘Af determines thevsiie of the probe volumes.
Thié would give an uncertainty range equal to the thickness of the
"boundary 1dyef phenomcﬁa.

To reduce thé spatial filter such that Af = 60 microns would have
required a 2 wicron pinhqle which is only a'theoreficnl value, since
“this is less than the Airy disk of lenses involved and would.hlock
most of the signal. Alignment and stability problems would be very

difficult.
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Axial dimension of reference mode pfdbe volume as determined
by the spatial filter, Af

Symbols:

d Radius of focu81ng lens

f Focal length of focusing lens _

f' | Focal length of first lens of spatial filter

h Distance between the axis of the focusing lens at the
focal plane to the location of the ray emanating from
a distance of f+Af along the focu31ng lens axis

H Radius of spatial fillter lens ,

L Distance along the lens axis where the ray mentioned in
h intersects the. lens axis while in the spatial filter

Py Distance between focu31ng and spatial filter lenses

8;  tanf) = d/f

R -Radius of pinhole

¢c,d Angle of slope of the ray described in h

w

Slope of ray described in h as it is focused by the
spatial fllter lens '
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The velocity component perpendicuilar to the

" axis of the focusing lens -and in the plane of the illuminating beams is measured in the

Simplified scheme of the differential mode.

differential mode.
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B. Differential Mode

l;. Theory

" A simplified representation of the optics is shown in Fig. 22,
‘Laser 1ightiis split into two equal intensity beams.of a known- separa-
tion. Tﬁé'beams are brohght‘to focus'inSide the same flow channel as
ﬁsed in the refereénce mode. At the focus the beams intersect and form
an interference fringe pattern.60 Varying scatter intensities of
particles traversing this light ahd dark pattern will Ehen give an
inﬁensity.modulation, whose frequency is linearly proportional to the
ﬁafticle's velocity. This signal returns through the‘observing lens,
reflects from mirror D into tﬁe spatial filter and finally enters the
‘phototube. A similar analysis59 using physical optics gives the same
resulting Doppler frequency; Thé geometry of the differential ﬁode,
and a‘mathematical representation of the system by wave vectors are
shown in Fig. 23.

The differential mode coﬁsiSts of two signal beams, éne produced
from each 6f tﬂe two inCident.béémé scattering fromva'pérticle. The
frequency of each of the signals isvderived in the manner of Eq. (Ii.
The frequency of the signal beam arising from the scattering of beam 1

is then:

1 - Lok -k e
ZW'(ES v = Vo ¥ on (hl Ky

Similarly the signal beam arising [(rom the scattering of beam 2 is:

cv k-t kv mu o+ @ - k)
Vo T vo+_2ﬂ (52~X) 2ﬂ'(Es v = Yo * 27 (EZ E-s) v
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Fig. 23. Analysis of the'differential mode

beamsplitter

mirror

focusing lens

phototube

moving light scattering particle
wavevector of the incident beam 1
wavevector of incident beam 2,
wavevector of signal beam
velocity of particle E

z component of V
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The'superposition of the two signal beams produces the Doppler beat
frequency whose frequency is the difference between the two signal beam

fréquencies. This Doppler beat frequency is:

1, '
__'(b. - 52

VDoppler 2 )'_! (13)

Substituting in the components of K

K;» K and V into the above equation

simplifying and collecting terms one obtains:

2v

B S -
vDoppler =3 sin(68/2) : - (14)

Note that this gives one only fhe x component of the velocity.

From_the above section one can see that a measurement in the
differential mode has several distincf advantages over that of oné in
thevreference mode. From examining the above equation, the signal.is
seen to be independent of the viewing angle. Contrast is high since
the optical path differences are small because the beams travel as a
parallel pair through most of the optical components. And the parallel
beams can be rotated by 90 degrees to give a second velocify component.
With the differential que a first approximation'of the optimum
écatter size and éoncéntration caﬂ also be calculated beforehand.
Perhaps because of these advantages,>the differential mode has had the
most innovations and has been analysed more thoroughly.

2. Beamsplitters

In order to operate in the differential mode a source of two
parallel equal intensity beams are needed. Since the beams should be

~spatially and temporally coherent it is preferable to use a single
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Beamsplltter4 assembly the output beams B, equidistant from

the axis of the incident beam A. The beamsplitter assembly
can be rotated by 90 degrees to obtain the velocity component

which is perpendicular to U and to the axis of lens E.

. ' . ) 24 o
Output beams B from this beamsplitter are not equidistant

. to the incident beam A. It cannot be rotated to make

measurements on-another velocity component.

A- laser beam

B location of exiting output beams

C beamsplitter coating giving match transmitted and reflected
intensities _ :

D opaque aluminum mirrors

E focusing lens

F probe volume

u velocity component measured by the velocimeter
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XBL 768-7443

Beamsplitter with adjustable ratio of beam intensities. The ratio of beam intensities is
determined by the angle of incidence at which the source beam (A) strikes the glass wedge
(B). The ratio of beam intensities can be calculated from Fresnels equations. The use of .

"separate focusing lenses for each of the output beams ensures that the profile of the focal

region is more closely cylindrical than that of two output beams focused by a single lens.
But the use of two focusing lenses requires careful aligning to assure that the beams
intersect at their focal regions. The beamsplitter assembly is not rotatable.

~gg-
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source and to split the beam. A number of devices for‘beamsplitting
have been used? some geometrically splitting the beam and others
splitfing the intensity. |

| These have included variols systems of mirrors and standard beam-

42,61,64 and arrays of refracting plates.lz

splitting plates or.priéms
In‘ofder to obtain the three velocity components it is necessary to -
operate in the reference mpdé andvdifferential mode. Limited resources
prevented the use of a laser with a twé colored output and two channel
optics. So in order to obtain the two velocity components from operation
"in the differential mode a rotatable beamsplitter was used. The
béamsplitter also had to slide éut of the beam's path while operating

in the reference mode, yet it would have to return precisely to its
original location for future differgntial measurements. Otherwise the
axial symmetry upon rqtation would be lost and the accuracy of the probe
locatien reduced.

Mirror systems require precise alignment for parallel beams and
acéurately positiéning for axial symmetry. Mirror mounts usually
consist of two snuggly fitting concentric cylinders. The outer Cylinder
ié usuallyvaUnted onto a ‘laser with the optics in the inmer one. ‘The
problems of preéise alignment for each mirror and the splitter plate and
the nced to put this splitter onto a slide—meunt discouraged the use of
‘such systems.’ |

Parallel plates do not present as séveré an alignment problem as
the mirrar systems, but are very bulky since the amount of splitting

" per plate is small and the air space is large (sce Fig. 26). This is

rather unfortunate since the optics are already crowded and such a
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o
Beamsplitter which gives output beams parallel and
equidistant to the axis of the incident beam for any
incident angle €. The blocks must be positioned as shown
in the figure and must also be of the same thickness.
Symbols: A incident beam
B opaque mirror coating on block I XBL 768-7444
C semitransparent coating (beamsplitter coating)
D and I are not shown to avoid confusion with other letters.
E output beam from block I, and input beam to block II
F second output beam from block I and input beam to block II
G and H opaque aluminum mirrors
d thickness of glass blocks
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device would not fit into the available space.
There are two types of beamsplitters which produce beams parallel

and axisymmetric to the incident beam, the geometrical splitter and the

amplitude splitter.

3. The Geometric (wave) Splitter:72

a. Theory and_construction. A light beam centered on the axis
(Fig. 28) after spriking the corner of prism L is physically split intb
twolcircular halves. ‘Because the two beams are mirror images, only the
path of one of them the upper one shall be calculated. ‘This beam
enters the lower half of the cﬁbe énd is refracted'upward'through the -
prism to the opposite wall where it is refracted in the }éverse
directioh;i It exits verticaily displaced and parallel to thevincident
direction. The two prisms (I and II) which form the beamsplitter and
the pgth taken ﬁy thé light beam fhrough them is shown in Fig. 28.

In prism'I, the beam incident on the lower half of the prism at A, is
refracted as it enters the prism. - The angle of refraction ¢, is given

by Snells Law:
. -1 n'lif 3
¢ = sin <;~i————> sinf . , (15)

glass
Since the ‘angles ¢ and Y form a 45 degree angle, then Y = 456-¢. The

amount that the beam is displaced by prism I is
H = K cosB * tany - (16)

The beam at B now enters prism IT. From peometric considerations:

L/(f-L) = tany, . | ' (17)
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Fig. 28.

Cement (Canada Balsam)

XBL 768-7445

The geometric beamsplitter assembly consists of two right
angle prisms cemented together as shown in the figure.

A beam striking the corner of prism I is split into two
beams with semicircular crossections. The portion of the
boam striking the prism above the corner at A, is deflected
upward. When the beams reach walls of prism 11, they underypo
a reversal in refraction and exit the beamsplitter parallel
to the incident axis, but vertically displaced. This
beamsplitter can be rotated about the axis of the incident
beam 1in order to rotate the two output beams about the
incident axis.
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hence the contribution of prism II to the displacement of the output

beam is:
L =T tany/(1 = ta'nY) . ' (18)

At C the beam undergoes a refraction reversing the effect at A. Since
the surface of the cube_at C is parallel to the incident surface at A,
the beam exits parailel to the direction of the incident beam. The

total displacement éf each béam is L'+ H, so that phebtotal separation

between the two output beams is:
S = 2(L+H) . » (19)

The device when mounted into rotating concéntric cylinders and
onto a rail assembly (Fig. 27) fﬁlfills its specifications and yet 1is
inexpensive and elggantly simply. It was the first type of beam-
éplitter tested.

The cube was made from a right éngle prism. Commerciélly
available prisms usually had blﬁnt ground edges (e.g. Ea]ing Inc.
prisms had .5 mm wide edges). The blunted edge blocked a major poftibn
of the 1.7 mm diameter laser beam. An acceptable prism with a .12 mm
edge width was finaliy obtained for fabricating the beamsplitter. To
minimize external and reflective losses an antireflective (1% reflec-
tance) coat was deposited on the faces. To minjmizé internal reflective
losscs,.thc prism halves were cemented with Canada Balsam whose index
of refraction closely matched that of the glass. The effects of ramped
edge (Fig. 29) of the prism where.one ond'nf the prism is larger than

the other but with no ¢ffect on the precision of the right angle cdge,
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The ramped effect. When'all the triangles formed by taking
cross sections along the prism are congruent triangles

(i.e. triangles ABC, DEF and HIJ are congruent), but the sides
of the triangles become smaller as the cross sections are
taken from points A to H.. This inaccuracy in the polishing
of a prism is the ramped effect.

Ramped effect can be partially corrected by cutting the prism
at its center (dotted lines) and folding it over as shown. The
Cemented prism thus has parallel edges so that-a beam K
traversing the cube exits at L with only a slight deflection.
Compare this with the deflection of beam B' of Fig. 30A.

Béamsplitter made from a ramped effect prism, without the
correction of Fig. 30.
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would have bent the output beams so that they were no longer parallel
with the incident beam. This ramp effect was partially corrected by
cutting a single prism in half and folding it over as shown in Fig. 30.

Alignment of the finished cube and cylindrical housing was done
by first marking the projection of the incident beam at 3 meters away
and then mounting the cube with a low melting mounting wax. With the
splitter mounted and the wax still soft the cube was positioned such
that projections of the resulting two beams remained equidistant from
the central incident mark. This was repeated at various angles of
rotation to assure axial symmetry.

This device had a number of shortcomings and so it was not the
tinal design used. The prism despite of its .12 mm bluntness which was
physically only 1% of the beam, still suffered from other defects.
Associated with this edge is a larger inaccuracy in angle than the‘Z'
(90°+2') given for the bulk. This inaccuracy is due to the thin edge
that lacks the mechanical support of the bulk during grinding, so that
it deforms during polishiag and relaxes back after pressure is removed.
But it is exactly at this edge that one desires the greatest accuracy.
2. Mount

Figure 27 shows the geometric beamsplitter (glass cube) mounted
in the inner cylinder of two concentric close fitting cylinders (a
rotatable mount). The outer cylinder was mounted onto a cross shaped
half inch thick aluminum plate. The cross shaped plate rested on a

1-1/2 in. thick aluminum block with a pair of bolts fastened on either end
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Fig. 27. Geometric beamsplitter module. The geometric
beamsplitter is mounted in its rotating and
sliding mounts.



of the plate. Thé bol;s were close enough to tﬁe plate so that washeré
on the heads of the bolts which prbtruded over fhe'plate held the

ﬁlate tighﬁly against the block. The four bolts Qere also ﬁositioned
50 fhat the cross could travel only a certain disgancefbetween'the two
pairs of_bolts before its arms struck a pair of bolts. At one end of
its travel the beamspiitter was aligned with the laser beams and at the
other the rotating mount slid out of the path of the laser beam. The
bolts were sheathed in Tygon tubing and were tapped into the block,
flush_againét the plate. This prevented the plate from wobbliﬁg. The
‘plate and block aésembly served as a sliding mount for the beamsplitter
and.when the cube slid out of thé path of thé laser beam,  the velocimetér

could be operated in the reference mode.

c. Shortcomings. The stabilify of'the sliding mount was critical.
It would have had to maintain the incident beam centered af the edge of
the cube in order to give identical output beams,.since only overlapping
poftionsfof the beams interfer. The reliability of the prism returning
- to ité original location after having moved and returned along its.rajl
was not pafticularly satisfactory for fhe cube.beamsplitter module.
Centering the beam on the prism edge.and adjusting the prism angle was
very tedious and woula have had to be repeated if.the laser had éhifted'
even slightly. With straps used t6 Secure.the laser, this kind of
beamsplitter was not advisable because of frequént slippage of the
laser.

There were two stronger reasons to reject this geometric splitter.

A prism which would give the 2.2 cm separation required for the desired
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spatial resolution wbﬁld not oniy have béen vefy bulky, but since large
prisms have very bl@nt edges avcostly qnd»timeiy custom made cube
would have had to have been ordered(

" The othér reason was the loss in scatter intensity. Figure 48
shdws the intersection volume resulting from two truﬁcated Caussién beams.
‘If the beams had not been truncated the dotted figure, an ellipsoid but
with only half the energy aensify, would have beén tﬁe probe volume.

The probe volume is fairly sm;ll,_about 30% of the ellipsoid [see
Appendix III), which should provide high spatial resolution (small probe
volumes). But most of the region of high fringe density and contrast
(core of the ellipsoid) is sacrificed. The regién'wheré there are fewer
than 3 or 4 fringes should also be lost since the spectrum analyzer
probabiy does not have sufficient resolution to resolve such short
wavetrains. Hence one is left mainly with dimmer edge portions of the
ellipsoid and a wedge region of dimmer and fewer fringes, resulting in
both weaker and fewer detectable signals. Figure 39 illustrates this

probe volume. -

4. Amplitude Beamsplitter28
a. Iﬁgg{x, The shortcomings of the previous beamsplitter led
finally to the construction of an amplitude splitting block as shown
in Fig. 29. Earlier reluctance to use this design stemmed from both
unsuccessful less precise prototypes and the much greater complexity,
cost and very slow delivery schedules typical of custom-made components.
Refore describing the design of the block, pertinent. caleulations

should be presented for the unique angle of symmetric splitting and'
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Amplitude beamsplitter is a rectangular block of glass with

appropriate

vacuum deposited optical coatings. The size of the

block is much smaller than.the one shown in Fig. 26. But there

is only one

angle of incidence which produces output beams which

are equidistant to the incident axis. When the block 1s rotated
the output beams will rotate about the incident axis.

Symbols: A
B

d
0

incident beam .
location where transmitted output beam exits semi-

- transparent coat

location where internally reflected beam exits block
antireflective coating :

opaque aluminum mirror

semitransparent coating-beamsplitter coating which

gives equal transmitted and reflected beam intensities.

Canada balsam used to cement together the glass plates
which form the block ' :
thickness of glass block

angle of incidence

0' internal angle of incidence
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. for beam splitting; distance dependence on various geometric and

physical factors. The beamsplitting block of Fig. 29 has been simplified

" for mathematical treatment in Fig. 31. At A of Fig. 31, the source

beam strikes the glass surface“at the incident angle 6. From Snell's

Law'one_can calculate the angle of reffaction 0' as the light enters the

' 1 "air V i V
(2t

prism ©' =_Sin— sinf). Because the internally reflected beam

_ glass :
ADBF reflects between two parallel faces and because the angle of
.reflection must be equal tQ'thé angle of incidence, angles
2L CAD = 2L BFG =L ADB = L DBF = 28' (see Fig. 29). Since the

triangles containing these angles are equal, CD=DF=LF=S. From geometric

_arguments

wn
1l

d tanf' : 7 an

-
I

d sinf | | (18)
and

h., = S sin (90-0), ,h2 = 3h]

Thus one can now calculate the amount that each of the two output beams -
has been shifted from the incident beam, namely;

y,=hy-h | (19) -

and

Yp = h - by | (20)

By taking the derivative of the difference Y,y

b and sctting it equal

to zero, one should get the angle of symmetric splitting. Because of),
. o . d -
mathematical consideration (there is no solution for % (ya-yb) = 0)

,-

é%‘(ya—yb)z = 0 must be used. A computer solution for this angle is
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Fig. 34. Sensitivity of the angle of incidence to A, the ratio

(yq/yb—l), (see Fig. 29).
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Index of Refraction, n
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Axisymmetric angle of incidence 0 plotted against the index

of refraction, n, of the beamsplitter block. There is a

unique angle of incidence for the amplitude beamsplitter

shown in Fig. 29 at which the output beams are split equidistant
to the axis of the incident beam. ' '
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Fig. 36. Ratio of the distance that the output beams are scparated
(ya+yb=H’ Fig..29) to the block thickness D, plotted against
the index of refraction, n, of the beamsplitter block. The
ratio H/D is evaluated at the incident angle which gives
symmetrically split output beams (see Fig. 35).
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shown in Appendix III.

Figure 34 shows the strong dependence of the éngle of incidence on
the required‘for symmetric beamsplitting;v Figures 35 and 36 shows the
splitting distance at thié angiebas a function of the index of refraction
»and angle of incidéhce. Note that the splitting is linearly dependent

on the block thickness.

b.. Construction. Prototypés of cementea stacks of thick flat
glass plates cut from mirror stock indicated seyerallproblems‘as well
as confirming preliminary‘Calculations. Despite the apparent thickness
and flatness.of the glass, after éementing with either a very slow cure
epoxy (6 days) or Canéda balsam, the exiting beéms were a]wayé skewed
and usually convergent. Faster curing epoxies would cure first at the
edges and reticulate.(it forms a fishbone pattern of veoids) in the
center. The extent of parallisﬁ of the two output beams emanaﬁing
from therbeamsplitter block depended on the angle at which the block
was rotated. Beams which initially had a 2 centimeter spacing anq which
were vertically aligned when they were near the beamsplitter bloék,
became horizoﬁtjily aligned and were Spaced.only 1.5 centiﬁeters apart
after the beams had travelled three meters. At one angle of rotation,
the location of the beams on a screen three meters away were observed
to overlap. The curvature of the surfaces of the biocks werce checked
against an optical flat and showed a curvature .of 10 [Eingos/inch. The
curvature necessary to have caused the degree of skewness . as experi-
mentally observed W&uld have had to have been much greater. This
would indicate that profcfentiul curing of the cement nrithe edge
(contraction) warped the blocks. Various optical coatings Qere ne&dmd

for this device. Calculations for the unique angle at which symmetric
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Cement

Fig. 32. Possible cause for the skewing of beémsplitter beams may be the accumulation of cement
between the plates forming the block. When a large amount of cementC, accumulates
between the two plates forming the beamsplitter (Fig. 29) the plates warp.
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" splitting occured showed that the incident angle was close to that for

total reflection. This made an antireflective coat neceséary at the
incident surface. Another antireflective coat wés’placed on the
surface Qhere fhe internally reflected output'beam exited the block
(see Fig. 29). ' The .aluminum coatings in the figure werevmore trouble-

some because of dust particles in the vacuum depositing shops. The

opaque aluminum mirror had to be deposited, cleaned and given a second

coat to produce a pinhole free mirror. When the aluminum semitrans-

parent mirror was deposited, the'prism was positioned at the desired

angle of incidence and the external reflection was monitored during slow

vacuum deposition. The standard 38% transmittance, 38% reflectance was

_observed on the air-metal surface. But when the beam was sent through

the prism from the antireflective ‘coating side two equal output beams

were not achieved. The transmitted beam was considerably brighter.

It was first thought the greenish glass of the prism strongly attenuated

the internally reflected beam, since its path was three times longer
than the transmitfed beam. But prisms later made with clear glass
showed the same behavior; Variousvséhemes‘deséribed in the nextvsgction
were tried to correct this problem.

Iﬁ the final design two 5/8 x 3 x 7/8 inch blocks of optical
qunlity_schliereh free Vyc.or74 (n=1.567) were cemented with Cﬁnndn
bdlsaﬁ to give a 1.25 inch thick block with a beam separation of about
2 contimeters.  Various vacuum coals were udjusfcd to an incident angle
of 52°, trials were made to compensate for equal intensity beams by

removing the deposited semimirror on the prototype and using a semimirror
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of variable trahsmittaﬁce (thin aluminum wedge coated onto a glass
éubstrate) to ascertain the coéting thickneés needed for an actual

éven intensity.split! These plates were held in place either by

Canada balsam of silicone Qil (index of refraction matched with glass).
But they still proved unsatisféctory because the making of such aluminum
slides was'é timely trial and error process. Moreover thin slides or
coverslips often deformed and were themselves rarely flat. 1.2 milli-
meter thick slides were also tried’But proved even worse thdn the
coverslips since the thinner coverslips could at least be made:to
compensate for surface curvature by.distorting theﬁ with shims (;001 in.
brass) tucked between the slip and the slide at app?opriate locations.
The aluminum coats were very easily damaged by abrasion. Uncoated
mirrors with correct transmittance and reflectance ratios chénged

their ratio when the coat was abraded and even more drastically when
coated with a hard protective MgF2 coat. _In many of these c¢oated
mirfors, the aluminum coat became a gray underlayer after deposition

of the dielectric. Bgsides the above problems, thick cementsvdid not
permit manipulations-of the slides, while thinned cements or oil either
caused the slides to slip or upon drying changed their surface curvafufes.
Hence precoated slides did not work.

Tt was not until a ratio recording spcctrophotomcter7 became
avaitlable that the next step could be taken. This was to coat the
block with its other thrcg-coatings, cement it and ﬁount it. Then the
Lﬁcidbnt beam was passed phronght the window of the vacuum deposition

chamber and the outputs monitored at an opposite port. The resulting
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two output beams went to fiber optics collectors, which placed the beams
on fixed location of their corresponding phototubes, giving very
reproducible intensity measurements. The fiber optics not only required
- the centering of the light beams but also that the laser beams entered
normal to its face. (A ring of light exited onto the phototube if the
collecting lens of the fiber is off parallel with the beam by as little
as 7°.) When the intensities were monitored on the ratio recording
spectrophotometer, deposits gave matched transmitted and reflected
output beams.

After the coatings were deposited the blocks were tested. The
Vycor plates gave skewed beams (a 30° rotation of beams at 8 meters
away). But before cementing, dusted stacked blocks showed less
skewness (10° at most). Apparently the application of the balsam
distorted the plates. After the assembled block was anneéled at 300°F
for half an hour, more heat or time would have caused thé decomposition
of the balsam as noted by its yellowing, the weight of the glass plates
squeezed out the excess less viscous hot balsam. The glass plates then
relaxed back into their original flatness. Another hour was allowed
for slow cooling to insure uniform stress.

Even though optical epoxies were mechanically more stable, and
would never dry out like balsam they could not be used. They either
cured too quickly and reticulated under heat, or would require 6 days
to cure, and still not ensure flatness or low stress. But balsam was
sensitive to solvents (cleaning solutions for the optics) and

oxidized in air, and thus the plates would slowly yellow and separate.
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Beamsplitter module, the amplitude beamsplitter is mounted in
its rotating and sliding mounts.

HoaoQwm >

T QH

the outer ring of the rotating mount

the inner ring of the rotating mount

the plate onto which is mounted the beamsplitter

the platform onto which is mounted the plate C

a hole bored into the inner ring to permit the laser beam to
bypass the the beamsplitter module for operation in the
reference mode

the beamsplitter prism

the dovetailed bar onto which is mounted the rotating mount
metal bars forming a slot into which the dovetailed bar can
fit tightly but can also slide along the slot.

metal pieces limiting the travel of the sliding mount

base of the beamsplitter module.
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To prevent this an epoxy was applied to the edges to seal the balsam
from air.

A block of borosilicate crown glass (BK-7) was finally installed into
the splitter assembly instead of the above mentioned Vycor. This was
done after Tinsley Laboratories76 had made a gift of an exceptially
polished spacecraft window scrap with a one twentieth of a wavelength
per inch flatness and parallel in thickness to within 0.7 second of
arc/4 inches. The glass had a yellowish tint but it was not assumed to
absorb much light in the red range. The block assembled from this

glass showed only minor skewness.

C. The Beamsplitter Mount

The design used for the rotating and sliding mount of the geometric
beamsplitter could not be used for the amplitude beamsplitter. The
prism of the amplitude splitter required a greater degree of precision
in alignment of its incident angle, and was also much larger than the
glass cube. The mount designed for the amplitude splitter is shown in
Fig. 37s

The rotating mount of the prism was made from two half inch thick
aluminum rings which were machined with very close tolerance so that the
smaller ring(B) would fit securely and concentrically into the larger
outer one (A). So that the ang]e of rotation could be read as 1/4 1inch
wide annular dial with a 360 degree scale was embedded into the edge
of the inner ring. A rectangular hole was milled in the center of the
inner ring. A platform for the mounting of the prism passed through the

rectangular hole and was bolted onto the inner ring at an angle such
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that the prism when installed would be positioned at the -desired angle
of incidence. Onto the platform was mounted the plate (C) which held
the beamsplitter prism. This plate was held to the platform by two
screws, one centered at the edge at both ends of the plate. One screw
served as a.pivot, while the other fitted into a slotted hole. This
slotted hole permitted a * 10° play in the angle of incidence which was
necessary for the final alignment of the prism. This * 10 degrecs of
adjustment was also need when another beamsplitter made from a different
type of glass was used since a different incident angle would now be
required to give output beams which would be equidistant from the
incident axis (see Fig. 34). At each corner of the plate a screw from
the plate pushed against the platform which provided the plate and hence
the prism with height and tilt control.

The rotating mount was much larger than the cylindrical mount of
the geometric splitter, so that it required a larger clearance space in
order to move out of the path of the laser beam. But the high density
of components in the vicinity did not allow for the needed clearance
space. To permit operation in the reference mode, a 1/4 inch diameter
hole was bored into the inner ring. Hence the rotating mount was slid
only 1-1/4 inch before the laser beam exited through the hole (E).

The sliding mount was also more rigid than that of Fig. 27. The
outer ring (A) was securely bolted onto the dovetailed bar of
aluminum (G). A bar of complementary geometry fitted tightly against

either side of the dovetailed bar. Thesc bars were bolted onto a
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1-1/4 inch thick aluminum block forming a slot into which the dovetailed
bar with its rotating mount could slide and yet not wobble. Two square
end pieces limited the lateral movement of the rotating mount. The
prism with its rotating and sliding mount formed the beamsplitter
module, and was bolted onto the velocimeter's baseplate as shown in

Fig. 6.

D. Advantages

This new splitter shows a number of desirable features. From
studying Fig. 37 (mounted splitter) and Fig. 28 (glass cube) one can see
that there is no fixed location for the incident beam to give equal
splitting. Hence the prism with its large incident receiving area may
be moved into and out of the beam, or rotated without misalignment.

Another advantage is the large increase in the number fringes60’77
resulting in a longer residence time in the intersection volume. This
longer residence time coupled with a large increase in fringes in the
brightest section of the ellipsoidal probe volume should give much
stronger and longer signals. Hence this should improve the SNR.

This author feels though that the residence time of the particles
in the probe volume is more important than the intensity arguments. The
cube splitter beams are about twice as bright as the prism beams. The
prism splitter suffers from a number of losses in intensity. These
include at least a 24 percent loss at the aluminum semimirror (a high
efficiency diclectric coating would reduce this to about one percent,
but would be¢ extremely expensivu78), attenuation thorough the plass

which should be minor, and more importantly losses at the incident
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Definition of A8, the angular width of the focused laser beam.
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Intersection of two intersecting laser beams with Gaussian
intensity distributions (note the I vs r curves) form a
lozenged shaped volume. This volume can be approximated as
an ellipsoid (dotted figure). The ellipsoidal volume ignores
the small and dim corner regions.
Symbols:
Df fringe spacing

Ay length of the y axis of the ellipse
Ax length of the x axis of the ellipse
20 is the angular separation of the two intersecting beams

U is a scattering particle which is traversing the light and
dark fringes.
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anti-reflective coat. The present is a MgF, coat adjusted for aﬁ
incidence angle of 49°. This is quite close to the total reflection
angle for MgF, (n = 1.38, critical angle = 46.4°). Although CaF, has
poor mechanical qualities it should greatly reduce such losses since.its
total reflection angle is 54.4° (n = 1.23).

Fringe contrast should not be a problem for the prism despite an

optical path difference of approximately 3 in. (see Fig. 16).

5. Altering the Probe Volume

To use the velocimeter as a high spatial resolution instrument
one must not only known the size of the probe volume, but also be éblé;
. 2 REE
to alter it. When two Gaussian beams with I/IO = 1/e2 edges intersect,
their volume is an ellipsoid. Intersecting non-Gaussian beams would
produce a lozenge shaped volume. This intersection is further compli-
cated if the focusing lens has aberrations. But since a camera lens
closely represents an ideal lens, the light distribution at the focal
point is essentially diffraction limited. The diffraction limited
pattern at the focal plane has a diameter equal to the Airy disk and
determines the z and y axes of the gllipsoid as shbwn in Fig. 39. The

mathematically derived dimensions79’80

of the ellipsoidal probe
volume as shown in Fig. 39 are given below. As mentioned earlier AZ
[AZ = 4X/(21AB) Eq. (18)] is diffraction limited. For small 0
values, one would expect that AY = AZ. (If the two beams overlapped
the overlapping circular diffraction patterns of the two beams would

also be circular.) As a matter of fact, AY [AY = 4X/2mABcosO, Eq. (19)]

is only 5% larger than AZ when 0 is as large as 18 degrees. The length.
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of the ellipsoid should stretch to infinity when the beams overlap 6 = 0

and AY = AX when the 6 = 45°., This behavior is scen in

- 4
AX"= TrhB sind ° 203
The fringe spacing is Df,
D, = A/ (2 sinB) (21)

which determines the number of fringes Nf,

AY/Df = 8tanb/(mAB) = N (22)

f
The variable A0 is derived from geometric considerations on Fig. 38,

-1 (D/2 + d/2) . (D/2 - d/2)) .

AB = ta £ ‘

( (23)

In Table 3 the dimensions of the intersection volume are calculated for
various beam separations and beam diameters. The values of the
dimensions shown in Table 1 were derived from Eqs. (19-22) with a
correction for the values of AB and 6. They were corrected for the
effect of refraction at the flow cell wall using Snells law. The index
of refraction and effective focal length of the observing lens were
1.33 and 50 mm respectively. Note that since AZ and AY are diffraction
limited dimensions, that they are essentially equal.

FFor the above table one can see scveral limitations of the dif-
ferential mode. Tor small beam separation, D, (sce case 1), the probe
depth 2AX = .25 mm is large, AX is closely half the thickness of the
roll cells that Hickmnnl reported, and does not provide measurements
of high spatial resolution. In Case 4, the laser beam diameter d, is‘

expanded to 4 times that of Case 1. As a result the probe depth AX

b



Table |

Case| D, cm | d,cm Nf AX, w | AY, 1 | A, i
t 11 loir| 84]125] 184 182
g LAt Bl B Bl g, 4 eE
3l B A DITRIT < 683 w0 |65
g 122 | 06g-F a5 172 «50 a8

index of refraction, n =1.33

XBL 768-7417

_66_



=100~

shrinks by a factor of 4. But the number of fringes also decreased by
a factor of 4, which unfortunately limits the number of cycles in the
wavetrain of the signal and a short signal wavetrain would severly
limit the ability of the electronics to discern the signal.

In Cases 1 and 3 or 2 and 4, one can see the effects of enlargening
the beam separation, D. By increasing D, not only does the probe depth
AX decrease, thus giving higher spatial resolutién, but the number of
fringes Nf, also proportionately increases. This increases the number
of cycles in the signal wavetrain and thus improves the chances that a
signal will be discerned by the spectrum analyzer. In increasing D
the fringe spacing Df (Eq. 21), decreases and thus affects the
selection of the size of light scattering particles used.

6. Light Scattering Particle388’89

The particle which traverses the probe volume's fringes gives the
sharpest signal when the intensity is strong. For dielectric particles
where the particle diameter is smaller than the wavelength, contrast is
sharp as the particle traverses the fringes (the fringes are larger than
the wavelength). But the intensity is low since scattering‘cross sections
are small. One cannot improve the intensity by increasing the number of
particles since they enter the probe volume at random times. Hence they
pulsate in random phase, producing a weak ac and a strong dc signal on
the phototube.

The advantages in using this dipole scattering regime (Rayleigh-

81
Gans Scattering) are that backscattered and forward scattered
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intensities are nearly equal, and that such small particles of neutral
bouyancy are assured of flowing as if they were part of the fluid, even
if they are in turbulent eddies.

If spheres of diameters i1n the range of probe volume fringe
spacings were used, one would imagine that the signal intensity would
be greatly improved, increasing either by r3 (number of dipole molecules)
or at least by r2 (increase invscatfer cross section). Yet contrast
should remain as sharp as in the previous case, as long as the particle
diameter is the same size as the fringe-spacing up to dpart=d fringe,
for one particle per probe volume.

With particles larger than the wavelength, one leaves the dipole
scattering regime, and enters the geometric and diffraction scattering
regime.82 Now the forward scatter intensity is two to three orders
of magnitude higher than the backscatter intensity, with lobes at other
angles also. This particle size range is then excellent for forward
scatter experiments but very poor for this author's purposes. But
despite the low backscatter ratio they may scatter more light than the
small Rayleigh-Gans sized particles.

Metallizing light hollow particles or using metals particles can
reverse the above behavior, giving the characteristic cardiod curve of
intensity versus polar angle of observation. Neutral density metal
spheres in the micron range are not available, so that hollow glass
spheres must be coated by electroless deposition with either a silver
or nickel coating. Small metal flakes such as brass sink slowly

unless constantly stirred. Aluminum flakes tend to float, or clump
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and sink, possibly due to a oily coat on the metal. Scaps can be used
to dissolve the o0il and thus suspend the aluminum, but this also attacks
the clumps very slowly. Clumps when broken, release their oily coated
flakes which float to the surf;ce. Concentrated soap solutions with
dissolved suspended aluminum particles, did not produce any more
floating flakes, but rather the suspended matter slowly dissappeared

in 3 days. Perhaps they were oxidized to a clear oxide. For particle
diameters greater than fringe spacings, the scattering process remains
unchanged but the intensity should increase by r2. Such large particles
will be clearly seen by the phototube, but they settle easily, and can
hardly be expected to accurately reproduce the fluid flow pattern.

Their use are mainly for testing the sensitivity of the receiving optics
and electronics.

It is curious to note that for particles as large as the probe
volume, that the fringe model suggests two wavetrains. One as the
particle enters the volume, crossing the fringes, and one as the
particle exits the volume. none when all fringes are lighted. But the
wave vector analysis suggests that the signal should be constant,
and possible brighter as the bulk (equatorial zone) of the particle

begins to scatter.
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V. EXPERIMENTAL

A. Differential Mode

A small flow channel was built of plexiglass but even light
scratches in the walls were enough to significantly reduce the signal
to noise ratio. When microscope slides which were flat when checked
against an optical flat, and did not have orange peel surfaces replace the
plexiglass walls, the noise level was much reduced. The 1/8 by 5/32
rectangular flow channel with glass window is illustrated in Fig. 40.

The water was driven through the channel by a single stroke piston
pump with a 1/3 horsepower, 1732 rpm motor and a "Zero-Max'" power
block to provide an adjustable drive rate to the piston shaft. Settings
of the power block gave constant speeds, but the same setting at -different
runs were of different speeds, so that the revolutions per seconds of
the piston drive shaft gear were timed for each run. This motor had
three shortcomings. When it stopped a large inductive discharge
travelled through the electrical lines and induced a spurious peak on
the spectrum analyzer (Fig. 43). It has a limited capacity which
meant frequent stopping to refill ghe reservoir (suction and compression
rates differed at the same block'setting). And a disturbing feature of
the motor was its high degree of vibration. This vibrated the isolated
stand on which the pump stood, and propagated its vibration through the
connecting tubes to the flow channel. This would be a possible source
of noise from acousto-optic interactions. Accompanying the vibrations

was a great deal of whinning, which is most unpleasant to the pump
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operator. This pump was replaced with a miniature, centrifugal,
variable voltage (head), D.C. motor driven (3-6V) pump. Its lower half
was submerged into a recirculating reservoir, thus providing for quiet
and continuousf operation. Moreover the oﬁen reservoir permitted

quick changes of seeding solutions, cleaning, and the installation of

a magnetic stirrer to maintain particle suspension. Output though
required bucket velocity measurements.

B. Miniature Flow Channel

Data were taken on the small flow channel for 2.02 and .822 micron
latex scattering partiples dispersed into glass distilled water at the
concentration of one particle per differential mode probe volume. Solu-
tions were made by successive dilutions from 10% stock solutions of
"Dow" latex solutions.51 The intermediate dilution solutions also
permitted easy increases in particle concentrations as 2x, 4x and 8
times the original concentration by addition of a small amount of that
solution.

Flow rates were adjusted to 1 cm/sec. or less, approximating
expected boundary layer velocities. Observations were made normal to
the channel wall, positioned 1 in. from location of fluid entrance into
the duct, aﬁd viewed without a downward observation angle.

With 22 ppm for 2.02 pu diameter latex spheres and 1.5 ppm for
0.8 u spheres (one particle per volume, 4.32 and 1.8 cc 10%Z stock
solution to 120 liter water respectively) and a forward velocity of
1 cm/sec the residence time of a particle in the 20 micron diameter
intersection volume was 2 msec. With spectrum analyzer settings of

500 Hz/horizontal division, and allowing for an extremely conservative
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Miniature flow cell with piston pump.



Fig. 41.

Miniature flow channel.
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peak bandwidth of 100 Hz (later diffuse reflecting disk experiments
show a 1 KHz spread at half peak), this region would be scanned over

a period 20 seconds (at 100 sec/division). Thus IOA particles would
have been observed during such a period. But attaching the phototube
output to a differential amplifier showed only of the order 10 signal
bufsts per second (mV ranges). This suggested either a lack of
,sensitivity on the part of the phototube, insufficient signal strength,
or excessive stray light.

The signals displayed on the spectrum analyzer (Fig. 43) showed
what must have been stray particles or bubbles large enough to scatter
a sufficient light intensity and over a sufficiently long duration that
it was processed. The narrow peak of the signal also implied that it
must have been due solely to one particle, with its frequency given
by Eq. (14).

The observed fluid velocity derived from signals displayed by the
spectrum analyzer agrees with that expected for the volume average
velocity (Fig. 42), a laminar velocity profile was not yet established
in the channel as one would expect for observations 8 channel diameters
downstream from -the inlet. Probably because of the limited electronics
available, despite the larger signal rate recorded by the differential
amplifier, the spectrum analyzer read a signal only once in every 3 to
5 scans. This was a average of one per hour. When not using the
2.02 micron particle, such as, .822 and .2 micron diameter latex
particles, signals were even more infrequent (none were ever observed
for .2)1). Increased concentration of particles did not show any

improvement .
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Fig. 42. Doppler beat frequency Vohge as observed on the spectrum
analyzer 1s compared with the calculated frequency Ve
which corresponds to the average velocity of the [lTaid In
the channel as determined from the displacement rate of the
piston pump. '
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Fig. 43.
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Spectrum analyzer (oscillograph) tracings of signal peaks obtained from experiments on the
miniature flow channel show the peaks to be extremely narrow. The scan rate of Photo A,

.2 KHz/div., is twice that of Photo B. The longer scan rate allows the a longer period for
the spectrum analyzer to add up the amplitudes of the waves at any particular frequency.
Hence the peak of Photo B is twice as large at that of Photo A. Photo A at 8.05 KHz there
is a signal peak of .6 microvolts. An adjacent larger peak at 8.35 KHz is an induction
peak resulting from the sudden switching off of the piston pump motor. The other broad
peaks below .5 microvolts are harmonic peaks of noise. Photo B also shows the harmonically
spaced pattern of the noise peaks. A fairly large peak occurs at 4.95 KHz. The peak is
extremely monochromatic. This signal could result only if the signal was produced by a
large contaminating (dust) particle traversing the probe volume. A peak produced from the
2.02 micron light scattering particles seeded into the water of the flow channel would have
formed a broad peak containing about 100 signals per Hz scanned.
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C. Rotating Disk

To further test whether the electronics were inadequate or whether
scatter intensities were too low, a 2.820 in. radius, quarter inch
aluminum disk was plated with a white satin finish of silver and mounted
onto a synchronous 1 rpm motor. Measurements were then taken along the
edge of the disk in the differential mode, giving various tangential
velocities (Figs. 6 and 7).

Because the reflection coefficient of the metal especially silver,
is high, the signal intensity was greatly increased. During experiments
a screen placed before the spéectral filter showed a red glow and the
outline of the central hole of the mask mirror (Fig. 6 mirror D). No
light was visible on the screen for the seeded latex solutions. The
satin finish consisted of many surface irregularities that can be
assumed to act as light scattering centers similar to the latex
suspension. Thus the residence time of scattering in the probe volume
of the flow channel and scattering of the disk should be the same.

The results of these disks experiments using a 1 rpm and a 25 rmp
motor with a variac speed control on the same disk is presented in
Figs. 44 and 45. Hence one can now see that the backscatter intensity
is either too low, or that noise from stray light is burying the signal.
For the latter, the superposition of a high frequency (megahertz)
signal onto one of the incident laser beams, which would also give
dircctional sensitivity, would shift the signal out of the high
noise range. But this would have required considerable investment for

both new processing clectronics and the acousto-optic or other frequency
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Fig. 45. Theoretical Doppler beat frequency V.51, corresponding to
various rates of rotation of the rotating disk is plotted
against the signal observed Vv
for these rates of rotation.

obg» On the spectrum analyzer
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Photographs of the spectrum analyzer displays of the Doppler

beat frequency are shown. The shifting of the frequency peak
demonstrates that in the differential mode the velocity o
perpendicular to the lens axis and in the plane of the

illuminating beams is measured. The probe volume was moved

along the edge of the rotating disk shown in Fig. 6A. The

velocity measured by the velocimeter is the rate of rotation

times the tangent of the angle formed by the lens axis and the

tangent line of the circle at the location of the probe

volume. Scale of vertical axis is in 1 mV/div.

Photo 0 is viewing the disk at normal incidence (as in Fig. 6A)
but the rate of rotation is O rpm.

Photo 1 is viewing the disk at normal incidence the rate of
rotation of the 2.82 inch radius disk is 1 rmp.

Photo 3A is viewing the disk at roughly 55° incidence, the
rate of rotation is 1 rpm.

Photo 3 is done at the same conditions as Photo 3A, except
that the spectrum analyzer sweep rate is halved. This
should double the resolution. Note that the signal

and noise peak heights are both larger than those of
Photo 3.

Photo 2 rate 1 rmp, angle of incidence very roughly 30 deg.

Photo 4 rate 1 rmm, angle of incidence is very roughly 60 deg.
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shifting device.

D. Hollow Metallized Glass Spheres

Alternatively the signal strength could be increased to above the
forward scatter intensities of latex particles by using metal particles
in backscattering. While metal flakes show a very high reflection,

(Al or brass from commercial watercolors) no signal was recorded. It
may have been that the particles flow preferibly with their edges to be
beams (least resistance to fluid flow), or tumble in the fluid. In
either case the scattering profile would not be the expected cardioid
scatter angle diagram expected of metal spheres.

A third experiment was then tried to increase signal strength by

: . 84
applying metal coatings to hollow glass spheres (eccospheres).

Floating quartz spheres placed in a silvering solution for mirroring

n .85 . :
semimirrors by electroless plating resulted in a non adhering
white silver mossy precipitate, while the non floating glass spheres
became evenly coated with a black coating. The spheres were next
soaked in a gold chloride-(lg/lit) activating solution, filtered,
. . 86 :
and then placed in electroless copperplating solution. A stannous

chloride -HC1 sensitizing bath followed by a PdCl.,—- concentrated HCI

2

bath for activation could have been used in place of the AuCI.n5 bath,

as well as a number of other electroless plating formulae and

87,90

metals. But the gold-copper scheme was the simplest, and caused

the least difficulty in obtaining the necessary chemicals.



003046036098
-115~

0f the three variefies of Eccospheres used,-(silica, BK-aﬁd.high
strength spheres) only the high streﬁgth spheres Qere'noticeably
bsgnsitized by the,AuClB. After 48 hours of éoaking in'thé Au+3
sensitizing éolution the spheres were filtered and rinsed. Only the
.high strength spheres appeared to be tinted yellow by the.solution;

After the spheres were dried, they were immersed in the copper

electroless pléting solution. Upon.addition of the high stréngth
spheres, the initially blue solution, immediately turnedvgréen.
A number of the white high strength spheres soon appeared to be plaLed
with cbpper. When the silica (quartz) and BK sﬁheres were added to the
pléting bath, the bath remained blue. . For the above two types of spheres,
the copper.deposited preferentially on the unsensitized flask wéll rather
than'oﬁ the particles. }When tﬁe particles frbmvthese two solutions WQre
filtered after the 3 hour period allowed for platiﬁg; the spheres still
'appéared white. It may have been that the silica and BK sbheros
were coated with a substance which inﬁibited plqting. After filtering
the high strength spheres only a small number of sphefes dppeared to
be coated. The bulk of.the sphefes were a gfay‘in éolor. Thg few
spheres which became metallized were.unfortunately,ﬁlike the previous
trials with silverpiating, coated with a black metallic coat.

Liﬁited timé p%eventcd further investigatioﬁs into various ways
to metallize the l:m].]ow glass spheres. Because the spheres are of-a
fairly low dénsity, they can be plated with a fairly thick coat of
metal before their density approached that éf the water. Hence Lhefe

was a possibility of making small spheres of neutral bouyance with a
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very high backscattering intensity. Such particles would be ideal for
use as light scattering particlés in our backscatter operation veloci-

meter. Figure 48 shows the prepondérantly backscatter scattering

intensity distribution for a metallized sphere.
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- Symbols
A direction of 1nc1dent beam
e : rp, radius of the light scattering sphere
: i, scattering intensity for the light polarized T

normal to the incident axis and vibrating
in the plane of the page.

'il scattering intensity for light polarized S ¢
pendicular to i, and the incident axis.
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Fig. 48. . Scattering 1nton91Ly distribution pdttorn8L for a
metallized (index of refraction is infinity) sphere with
a 2 micron diameter (m=r pZH/A 10). The scattet intensity
is confined to a narrow backscattering lobe (A=180°).
The scattering pattern is just opposite that of dlelcttru
spheres, see Fig. 17.
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VI. CONCLUSION

A laser Doppler velociﬁeter has been built with a-sufficiently'high
spatial resolution and accuracy in the determination of the location of
the probe volume to map the flow field of a hydrodynamic boundary layer.
Invthe differential mode, the axes of the ellipsoidal probe volume are
19.6, l9.3 and 68 microns. The reference mode volume is determined by
the parabolic profile of the illuminating beam and the ellipsoidal
profile of the pfobe region determined by the spétial filter. The
reference mode probe volume is a‘truncated.ellipsoid (éxis parallel to
lens axiéﬁ .23 mm), with dimensions transverse tb the focusing lens
axis truncated by the parabolic beam profile (focal waist radius =
10.8 microns). The velocimeter operates sequentiallyiin the reference
mode and in the two orthogqnal positions of the differential mode to
give the three velocity components at the same probe volume. The
focusing lens is positioned by three stacked tranélators with microméter
drives (.01 mm divisions with 50 mm travel). The lens And hence its
focal volume, probe volume, can thus scan the region of interest witﬁ
three degrees of translational‘freedom.

Light deflection of the illuminating beams and signal beam is
minimized Ey using a backscatter Jesign'and observing the electrode at
an angle to the surface. Experiments with the Jasor velocimeter have’
shnwﬁ that the backscatter signal intensities are quite low when
diclectric light scattering particles (Dow latex spheres) are used.

Large light scattering particles would increase the signal intensity

-
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but the‘particles méy not accurately represent‘the flow. Light
scattering from metallized sphetes is mainly backscattered radiation.
Further experiments tb successfuily producevmetalliZed glass spheres
of ﬁeutral bouyancy may pfovide the needed stronger signal intensities
‘without the use of higher poﬁer and hence more hazardous lasers.

The prescnt specfrum analyzer is adequate for Simble experiments
But‘more sophisticated signal process electroﬁics will be needed for
detailed hydtodynamic_studies. For detailed studies of boundary layer
phenqmena where the velocity would vary gradually while approaching fhe
wall, tracking électronics such és a phase 16ck 1oop'would be necessary.
While in studies of turbulent eddies, where velocities are random,

5 multichénnel spectrum .analyzer would be needed to observe the entire
range of ﬁossible eddyvvelocities/

With metallized scattering particles and the necessary processing
electronics the present velociﬁeter.should have the capability to make
measurements of the flow field of hydrodynamic boundary layers, and
in particular make measurements on the boﬁndary at the electrode

‘

surface of our electrochemical reactor.
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APPENDIX I

The size of the reference mode probe Qolume is determined»b& the
size of the aperture in the spatial filter. Since light scattefihg
ﬁértiéles outside the parabolic focal volume of the focused laser beam
are not illuminated, no signal comesAfrom that région. The Benm inten~
sity profile deterhines the radial dimensions of the probe volume. The
location along the z axis (Fig.‘ZO) at which -1light scattering from
particles are blocked by the aperture of the spatial filter determines
the size of the axial dimensions of the probe volume. The extent along
the axial direction at which scatfered light is accepted is Af,,tﬁe
probe depth. .The radius of the spatial filter is R. Various focal
lengths; angles and dimensions are as given in Fig. 21. The slope of
the ray emanating from the distance f + Af along the axial direction is
determined by calculating its displacement from the optical axis at the
focal plane, h.

In Fig. 21 for the convergent case, one can apply the oblique ray
method to the focusing lens (lens on the left side),‘tb determine the

height of the image h, at the focal plane,
h = f tan0 ‘ (a)

The angle <!1(. is t:ak(,‘n.;lt the (;-.(l.p,(.*. of the locusing lens ;mdA‘is formed by
the angle between the path of a Tight ray coming From the foeal point f
of the focusing lens and the path of a Light ray coming from the
location f + Af away. The light from f + Af enters the lens of the

spatial filter at an angle ¢C. At f:; the location of the focal planc
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of the spatial filter aperture, only images shorter than the radius
of the aperture of the spatial filter R, will pass through the . spatial

filter and thus reach the phototube. From geometric arguments,

tanp_ = (d-h)/f . S | , (b)
Fof the divergent caée where the scattering particle_is closer
to thé focusing lens than thevfocalpoint, one obtains from ihspectionr
of the geometry;-
h‘= ftan0 | . - . (c)
and

tan(bd = (h-d)/f

By applying the oblique ray method to find the at the height of the
image h, at the focal plane of the spatial filter lens (the right side
of Fig. 21), onc obtains (see Fig. 21A) for the convergent case the

‘equation,

=
Il

f tanibC | - (d)

and for the divergent case,

R=f' tan¢d = —f'tah¢c . T ()
" In order to.express Af as a function of R, Af must be related to the
angles ¢ and 07

Referring back to the left side of Fig. 21? one can séo that

tand = d/(F + Af)

for the convergent case, .and g ' : (f)

I

tanf d/ (f - Af)

for the divergent case.
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Axial ‘dimension of reference mode probe volume as determined-
by the spatial fllter Af :

f

Symbols
d Radius of focusing lens
Focal length of focusing lens
f' ‘Focal length of first lens of spatial filter
h- Distance between the axis of the focusing lens at the
focal plane to the location of the ray emanating from
a distance of f+Af along the focusing lens axis
H Radius of spatial filter lens
L Distance along the lens. axis where the ray mentioned in
h intersects the lens axis while in the spatial filter
Py Distance between focusing and spatial- fllter lenses
07 tanBy = d/f
R Radius of pinhole
bo g Angle of slope of the ray described in h
w Slope of ray described in h as it is focusud by the

spatlal filter lens
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From Eqs. (b) and (c), ¢ can be expressed as a functions of h.
Equations a permits h to be expressed as a function of 6. Hence

f taQ¢c

g h = ftanf. _ (g)

And substituting the expression for tan® into Eq. (f), one obtains

_(£'d) - _(-Af)
- f (f + AD)

R

Note that R is independent of the distance between the focusing and
gpatial filter lenses, PO. Since Af << f, then
. :
R_:.SE_Ql Af

f2

With R= .05 mm, f=50 mm, £'+88 mm f1., and d=11 mm, one obtains the

expression R= .03 Af.
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Fig. 47. The intersection of two truncated Gaussian beams forms the shaded figure. Region I is a

wedge shaped region, while Region II is a nosecone shaped region. When the beams have a

circular cross section instead of the semicircular .cross sections of the truncated beams,
the figure outlined by the dotted line, an ellipsoid, forms.
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APPENDIX II

(Differential mode probe volume with the geometric beam splitter)

The intersection volume of two semicircular cross section beams is
.

shown in Fig. 47. The intersection volume cérresponds to the probe
volume of the geometric beam split@er shown in Fig. 28. Fro% Fig. 47
one can see that the ﬁfobe'volume which is a slice of an ellipsoid is
éomposedvof two seétions, a wedge shaped section, I, and a nosecone
shaped region, II.

The volume of the nosecone V__.can be calculated as the a stack

IT

of ellipsoidal plated stacked from X=x] to x=b. The volume calculated

in this manner is

b

Vi = c/l—(x/b)z a/l—(x/b)2 ~dx

b

<
I

. 3 g
p = mac(x-x/(2b ))Ixi

Calculating~x1, the intersection of the wedge and nosecone regions:

Calculation of the volume of the wedge V. is somewhat more involved.

I
The equation of the ellipsoid of Fig. 47 is

(x/b)2 + (y/n)g f (Z/C)2 = 1

In the xy plane at z = 0, the cross section of the ellipsoid is the

cllipse

(X/b)2 + (y/b)2 = 1.
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 The ellipse intersects the wedge portion of the probe volume at
K=K The slope of the wedge is y-xtany. Ey equating y from the

equatidn of the ellipse at the nosecone portion with y from the slope

of the wedge,,one can solve fot Xy -

xp = 1/ (tanp/a)? + 1512

The above results are valid for beamsplitters with an infinitely thin
- edge. If one accounts for the blunt edge of the prism which truncates
a portion of the intersecting beams;.then the intersection volume

is reduced, (area bounded by the -:- lines). The width of the blunted
portion,éf the edge is 2A1. The volume of the,wgdge shaped portion of

the intersection volume is now taken from the points x=x

0 to
=XI cutoff (see Fig. 47). |
Xy = Al-cosH
and
2x0tanw AXS tanzw/aa—A(xé/az-l)(1/b2—tan2W/a2
*Icutoff a2 + '

2(1/b% - tan’y/a’)

To obtain the wedge volume one can slice the wedge into slices of

thickness dx, with each slide having the cross sectional area shown in

the lower figure of Fig. 47. The.area of the cross section is made up
of slices z long and dy wide, or -
X
Arca of cross section = 4 z dy,
0

where

2= /1= (/D)2 = (y/a)?
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Thé wedge volume, V

I is thus, .

X. x-tany - 5 3
0 0 '

Let ri = az(l—(x/b)z, then .

xtany 3 5
V1-(x/b)“-(y/a)® dy = a

1/2 S ' xtaniy
sin “(y/r_))
* 1o

Substituting a(l~(x/b)2) for L taking the limits and collecting terms,

1/2 2 2 x tany

X .
vo= o baxtaw 2 20y oxrany) L+ (- dsin Y
1 2 v _ 2 b ' Xy 2
0 v a(l—(TQ )
b}
a2 X\ 2 -1 X tanw‘
+ 7?-(1—(3) )sin -, 72 dx
a(l-(g) )
Setting D2 = az/( (a/b)2 +-tan2w) = az/(2 tanzw)
and letting VI = II + III’ then
1 = ( (a/m)? + ean’Pt/? (@120 I o/p2ax? ax
0
| L o372, %1
JI = ~(a tnnZW/3/?)(02—x2)
. ' 0
1 ' ' 1/2

o= n2(1—(x/h)2)vsin_] (Lnan/(ﬁ(f—(x/h)z) ) dx
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, . 3
To solve III’ let u = x/(a(l (x/b) )l/ ). Rearranging the equation,

one obtains, for u=0 and x=0,

X = au/—/(ua/b)2 + 1)

and
‘ : 9 1/2
x/u = a/((ya/b)” + 1)

The increment dx can also be expressed as a function of u,

du/dx .=

Y

d
T —
X Xy 2
/1 - (%)
n
Carrying out the differentiation and substituting in the definition of
u and x/u,
23 /
du/dx = (u + (a/b) u’)/x

or

: a
- : dx = du -
: 2.2.3/2
| (1+(a/b) 2u?) ¥
Now.the dx and X's of.III can-be substituted for u's.
u -
I = gi I sin_l(tanlu) 4
I1 2 5/2

0 (1+( a/b) %)

The integral is not tabulated in tables of integrals, so as an
aﬁproximation the first four terms of the series expression for the
arcsin will be substituted into the integral. The approximation is

acceptable since the z' coefficient is only .0446,
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.‘Sil’lznl'_= Z+Z3/2"3 + o z- + ——:—._.——_z + ... so

2:4.5 2:4:6+7
.u _ _ u
' 3 a3tanw I _ usdu -'1533tan?y I u7 du
= 2. tany 54 5 +
11 2 0 5 672 0 0, T2
V1+(ua/b) V1+(ua/b)

The above integrals are found in integral tables under the functions:

un du
m
T
where
1/2
T = (u2A+ Az) s
' . 1/2 . !
Let A be the ratio b/a, and uy = x/ (a(1-(x/b) ) ) with x evaluated at
Xp- Solving the integrals, gives III
3 3 3 2 -
o _ b5 caTtan)p 1 a‘tan Yy -1 . A"
L= Q) &= 3t T Gty 7
3r . 3r
363}_9_[}_5_‘1‘{ ( + __2A2 _ ...é[i ) +
50 r 3 ,
3r
15 a”tan 2 | 34t A l
R
672 [
3
1/2 ' '
where r, = (u +A ) evaluated at X
and r. = (u +A )l/ evaluated at x=0

0

i
1l

For the beamsplitter, Ax b 120 microns

Ay = a = 19.6 microns
Az = ¢ = 19.3 microns

A=Db/a =12 and tany = 8.3X10—2
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above dimensions give: XI = 85.6 microns
Yy = 14. microns
2 2/(a tanZW)
D™ = a = 7463.3
intersection volume is then,
for the wedge, region I, VI = II + III = 45,100 micron3
for the nosécone,_regidn 11, VII = 11,200 micron3 and,
for regions I and II, V . = 56,300 micron3
truncation . :
- - s a1 4 5
volume of the ellipsoid is §-ﬂabc, so V = 2x10

ellipsoid
volume ratios are: ‘

\Y . '
__M_ = 22.6%

Vellipsoid

vnose one

Er___JLJl__ = 5.6%
ellipsoid

Ve ti '

;V_;unca ion _ 55 99
ellipsoid

[N

micron

Therefore the probe truncated volume obtained with the geometric beam-

splitter is only 28% of the ellipsoid volume obtained by the amplitude

beamsplitter.
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Ay = e 2d (2 E%Eg_&gﬁg-_ cosf)
: /n'—sinzO
[o obtain the angle of incidénéevfor axisymmétric splitping.one take

the derivative of Ay with respect to 0 and sets it equal to 0. " The
minimum of Ay occurs at the angle of incidence which gives axisymmetric

splitting of the output beams.

d (ASinO'cose

-d‘é‘ - sinO)
/nz—sinze
R é% (sinfcosh) - c08651n6 (/_)
R2
where
R = /n2 —,sinzﬁ
The derivative of Ay is thus,
2 2 . '
d(Ay) cos 8-sin’0 . sin>Bcos 0 o )
40 4d ( R * ‘R3/2 —, )~ 2dcosf

There is no nontrivialvsolutiqn‘to.d(Ay)/dS = 0, éo one obtains
the solution to d(Ayz)/dG = 2Ay d(Ay)/do = '
A computer program calculéting d(Ayz)/dB at'vnrioﬁs'value of 0 was

used to obtain the angle for axisymmetric splitting, which odcurs

when the deriative is 0.
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Symbols for the program below:

S sinb
C cos0
DY dy = ya—yb
2 .1/2
R (nz—sin 0) /
HTOT ytot/d = (ya+yb)/d
F 'd(AyZ)/de
AROURA . el (U e LU EPu T
WEAD LT e phatsei v

PFORMATISF Yoot 2)
Du 2 Ll=ji.1
AE3.lel 0% cung
Szhlivia)
C=COS(A)
PRI (E TAwp TA-SHS)

TH+FLUAT (1) %DEL) /18¢

'F:u.*((L”C—S“H)/H*C*C*S“b/(H*H“N))*B:GC

.‘\TUI:Z,*(D“\?(;/M) v
ANGZAR) 4./ B, 14155 504
DY=2e#hjuT—¢, vy

FhIMT 3300 2F vHTOLSUY
3 “_(—,'L;('IH1(E'1 ANz "r'/.q'

1 oLy < WP T eu)
2 CONT i

£
ANG= S7.00600 [ Filv/iye
KNGz LT iupg Leelvsus
AINOT D[ WBLY S R WATE
ANG= 57,9000 crewlv/u=
ANG= Spelung  1rwV/us
ANG= Sol.l0na Lo lv/u=
Alv= Dheduny  NPEwRIv/yn
Alvc - 2ua30nyg UERIV/Z L=
ANGZ Dheb ',y -t UFRIV/U=
ANL= Daadyny biv wlv/sus=
RNG: See00ny S wlv/sus
RINO= D= fend e lv/ys=
ANG = TReb ()N, i ~Iv/u=
AING= DoY) I ewIv /s
Aoz vy, 0000 [Dirlv/us
ANG= 39l nse fi=lvsuz
ANG= vwecdligu (k- fv/u=
HING= 04,300, [V lv/us

126 UERLy/D=

1 e 2925807 -0
lelaB769522E-01
LL.004bpsadptE—0]
Vet BE (YD~ 2
[eleonT8bs =02
VDL.72076026E=07
velasTalnib=-0p
~e8470457T6E=-0p
CLLE%88H8I5E-02
“6253106100b-Ga
-y 4 4RYG 3107~y
~Ceu 3515304t~ ¢
e 3095 ubar -0y
230G -0y
=lerTa23653L-02
= e 721/A5945 -0
~léhl16Jviabb~-n]
~L,1hla0224E~0])

bl °N

sL12e0vUH H/UE

H/u=
H/U=
H/=
Hsus
M/ =
H/Uz=
/0=
H/u=
H/U=
/U=
/L=
H/0
A/1i=
H/ U=

[T

AR
A -4
.ll'c,-_v {

L5
'-/lwlf

1.

ol 13D
o 13U
D2l
A
oMLy
e fuY3
. l‘._:‘b"
D
B D
e 150
AT
e (1130
L

Ly
II

~9"/_-_~+918H

AR

o E.

4y

Jany

VELY S =,249Y0
UELYZS =,/720/09
VL. Yz =, 7oty
VLLYS = ,r/0Y%n
UbLY= =,203)
by =,¢067
Ubeys =,2103
LUELYE = 203y
Veeys =,2/701(4
Vbey=s =,701)
UbLy=s =, 047
Vb LyY= =,2%2084
VbkLy=s =,.27¢)
beeY= =,cvyon
ULiLYy=s =,°994%
CTAT A )
VeLy=s -,30by
beey= =,31vo
Ubey= =.3144
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