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I. INTRODUCTION

The purpose of this study is the investigation, by
optical means, of the acoustical forces orienting>anisotropic
molecules of a liguid. The study is related to the interaction
of sound waves with biological structures. A method of photo-
electrically detectingvthe acoustically induced birefringence
in liquids is developed to obtain the highest sensitivity
possible, since the effect is measurable in only a few liguids.
This method takes into account the phenomenon of light
diffraction by acoustic waves in fluids. By using the acoustic
pressure wave as a reference, the phase by which the acous-
tically induced birefringence lags the velocity gradient can
be determined. If sufficient numbers of fluids cogld be
measured, some indication of the direct mechanical forces
exerted on the molecules'comprising a liquid, due to the pae~
sage of acoustical waves, might be found and determinations

—
of whether these forces are sufficient to cause molecular

degradation could be made.

Biological structures in vivo can be modified by-inter—
action with intense, non~cavitating, high freguency acoustic
waves. Early investigations of these interactions showed
that iesions can be produced in the white matter of the cat
central nervous system when irradiated with acoustic waves

(Barnard et al., 1956). The lesions produced were not




observable until about 10 min after the end of irradia-
tion but for longer survival times,'thé tissue in the lesion
area showed progressive deterioration.‘ Welkowitz and Fry
(1956) irradiated amphibian skeletal muscle with acoustic
intensities of the order of 100 watts/cm2 at 980 KHz causing
irreversible blockage of the action potential which propom
gates along the muscle fiber. A histological study showed
no fiber tearing or vacuole formation, and yet, the blockage
occurred within 10 seconds. Fry and Dunn (1956) were able
to paralyze the hind legs of day old mice by irradiating
the lumbar enlargement of the spinal cord using 982 KHz
acoustic waves of 100 watts/cm2 acoustic waves and 1 sec
duration. Histological exémination (light microscopy)
showed no apparenf damage until about 10-15 min after exposure;
Welkowitz and Fry (1956) and Fry and Dunn (1956) both.
showed,‘by means Qf thermocouples imbédded in the speciﬁen,
that the temperature increase due to absorption of the
acoustic waves was too small to account for the irreversible
effect by thermal mechanisms. Dunn (1958) has argued that
hydrostatic pressure would not cause the effect and thét
acoustic cavitation (the production of small bubbles which
form and fhen collapse causing shock waves) was not present.
Fry and Dunn (1956) showed also that the irradiation time
required to obtain paralysis of the hind legs in 50 per cent
of the mice irradiated was inversely proportional to'fhe

square root of the acoustic intensity, i.e., field variables



such as pressure amplitude, particle velocity amplitude,
velocity gradient amplitude, etc. ' The general conclusion
was reached that the interaction between sound waves and
biological media must occur at the microscopic level. How-
ever, the details of the physical interaction are, as yet,‘
poorly understood. Aﬁother study employed to elucidate the
interaction mechanisms involved irradiation of solutions of
‘bio~m©1ecules with Qery high acoustic intensities followed
by examination of the molecular weight or, in the case of
enzymes, examination for altered biological activity.

Macleod (1966) found that acoustic irradiation of various

enzyme solutions with acoustic intensities sufficient to
et "
cause functional <damage in tissues had no effect on either

the structure or function of the enzymes when examined aftexr
\\

the irradiation procedure. It was also shown that the

enzymes were not inhibited while catalyzing.a reaction during
the acoustic irradiation, leading to the conclusion that at

4

the high acoustic intensities used (10 w/cmz), no chemically

important changes in tﬁe secondary or tertiary structure
occurred in the enzyme molecules.

Although large molecular weight enzymes were not degfaded
by high intensity acoustic waves, deoxyribonucleic acid
(bNA) prepared from B. subtilus was degraded by Hawley
et al. (1963) by irradiation with 1 MHz acoustic waves of

about 30 w/cmz. The degradation was found to occur

principally as backbone scission, i.e., breakage transverse



to the molecular axis. Similar concluclusions were reached
by Levinthal and Davison (1961) who degradedvDNA froﬁ T-2
bacteriophage by passing soluﬁions through capillary tubes
250 microns in diameter. In addition, they were able to
calculate the approximate forc¢es which act on the DNA mole-
cule in such avelocity gradient. The stretching force 77 at
the center of a long thin rod representing the molecule
with radius r and length L is
w««wf $ &L osw O di

where G is the velocity gradient assumed uniform over the
distance L; & is the angle the rod makes with direction
of fluid flow and f is a friction term given by

f = B’TW?’/!))(L/P)
where ?} is the solvent viscosity. The calculation also
assumes that the center of the rod travels at the same velo-
city as the fluid. If the rod is rigid, straight, and
oriented at 450 to the direction of fluid flow, then

7;775;,}4 = 5” (77 L"/;Vl (L/V")

For the T-2 bacterlophage DNA molecule (lengﬁh about 52

o
microns and radius about 10 A measured by Cairns (1961)
using an autoradiograph technigque), the force at the center

of the molecule for a flow rate of 0.046 ml/sec was calcu-

lated to be l.lx103 dynes and compares well with the



estimated value of the force regquired to break a carbonf
carbon band, viz., O.8xlO3 dynes. The acoustic intensity
necessary to produce an equivalent shear gradient over the
T-2 DNA is calculated as follows. The velocity gradient

developed in the capillary to rupture the DNA was l,SXlO4

-1 . . L . .
sec . The velocity gradient for an acoustic wave is given by

o % )max = Mo I

or in terms of acoustic intensity,

6’ = }‘\'\[zzqv@ /f’oC

where u. is the particle velocity, k is the acoustic wave-
number (k = 27 /X ), x is the direction of sound propogation,
P, is the undisturbed density of the fluid, c is the velo-
‘city of-sound in the f£luid, and Iavg is the average intensity
of the acoustic wave. Taking g for water as 1 g/ccB, c
as 1.46x10° cm/sec and k as 42 cm—l, and £ as 1 MHz, the
required intensity is 8.7XlO2 watts/ém2

Frenkel (1944) used a different approach to the problem
in which he treated the bonds of a flexible polymer és a
linear elastic link whose value could be determined from the
bulk properties of the polymer. Following Frenkel, let

e= "g]

where e is the elasticity coefficient of the link between

two beads of a polymer consisting of N sphericalbeads of

separation 1 and radius a and E is the elasticity of a body



constituted by the monomeric groups. A critical value of
the velocity gradient G occurs when the change in link
length becomes infinite where

37 ypr Gle

AR = L

/=3y yprale

and therefore

-for the dimer. For a random coil model polymer stretched
out into a long thin rod, the force of extension at the

center of the molecule is given by

4 = 3’?/7&”6’«0 Nz
If % is 0.0l poise, r is 10”7 cm, 1 is 3x107 cm, G is 1.5x
104 sec“l, and £ is 107° dyne, then N is found to be about
4500 giving a molecular length of Nxl or about 14 microns,
which is one fourth of the T-2 phage DNAvmolecular length.
For a given molecule and flow gradient, Frenkel's method
results in a calculated force 16 times larger than that
calculated by Leventhal and Davison (1961), since the force
developed is proportional to the square of the molecular
length. Thus, to degrade the T-2 phage DNA, an acoustic
intensity of only 3.4 watts/cm2 would be required. Further,
the acoustic intensity required to degrade a molecule varies
as the inverse fourth power of the length, so that the

acoustic intensities required to degrade molecules smaller

than those of DNA increases very rapidly to levels beyond



those pdssible to generate.

in ordér to determine the forces acting on the mole-
cules in a flﬁid, it was necessary, in the above discussion,
for a change in molecular structure to occur. However, ah.
altefnative method for determining the forces on the mole-
cules in a fluid uses the fact that, if the molecules are
anisotropic both in shape and in optical properties, the
éresence of an acoustic wave causes the normally random dis-
tribution of molecular orientations to be perturbed result-
ing in anisotropy of the index of refraction. This is called
acoustically induced birefringence and is discussed exten-
sively in the following chapters. The study of acoustically
induced birefringence allows determination of the statisti-
cal average bf the forces on the molecule, together with the
degree of orientation and the rotational diffusion constant.
The theories describing this effect are only approxihate and
it is not possible to calculate a priori the birefringence
expected in any given fluid. The most sophisticated
attempts thus far involves measuring the effect and comparing
the observed optical properties with those obtained in flow
birefringence studies.

The present investigation was undertaken té examine
the previous work in detail with the hope of improving the
methods of measurement in order to obtain more precise
birefringence data. The second chapter of this thesis

describes some of the current theories which predict the



resultant index of refraction change when acoustic waves are
"present.in the fluid. These theories all'begin with the
assumption that shear forces resulting from the presence of

a velocity gradient perturb the molecules in a fluid so

that their oriéntations are no longer completely random,
although the forces are not calculated explicitly. Chapter
ITIT contains descriptions of several schemes for measuring
acoustically induced birefringence, wherein the methods

of Lucas (1939) and Klein (1969) are discussed in detail.
This chapter also introduces a new method which allows the
use of a photomultiplier to measure the degree of anisotroéy
while minimizing the effects of source intensity variations
and of changes in the transmission characteristics in the
optical path. Chapter IV describes some of the limitations
of the new detection method and describes a correction

which must be made when working at the limit of resolution of
the apparatus to account partially for the deficiencies of
the optical system. Chapter V describes the instrumentation
used in this investigation and Chapter VI deals with the expexri-
mental methods and procedures of this study. The experimental
data obtained using the new measurement technique are pre-
sented in Chapter VII. The fluids studied exhibited rotary
relaxation frequencies which extended from frequencies below
those used for measuremeht to freguencies well above the fre-
guency rénge of the eguipment used allowing the system to

identify properly the phase angle between the acoustically



S

induced birefringence and £he pressure wave. Concluding
remarks shcwing that new theories are required to describe
the effect of temperature on the mechanical and optical
properties of some fluids are presented in Chapter VIII.
Three appendices follow which describe & computer program
to evaluate the diffraction of light by acoustical waves,
contains tables of the amplitude of the electric vector in
a number of diffraction orders as well as for different
frequencies of operation, and, last describes the theory of
the rotar? mica compensator used to provide a variable

phase shift in the optical path.
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II. THEORIES OF ACOUSTICALLY INDUCED BIREFRINGENCE

This chapter deals with several theories proposed té
explain the magnitude of the observed acoustically induced
birefringence for the three cases of pure liquids, solutions
of flexible molecules and solutions of rigid molecules.
Theories for pure liquids have been proposed by Lucas (1939),
Frenkel (1946) and Peterlin (1950). Peterlin (1967a) has
also proposed a theory for flexible molecules and his
(1950) paper could also be interpreted as a theory for
'rigid molecules in solution.

‘Lucas bases his theory of acoustically induced bire-
fringence on results from the theory of flow birefringence
prbposed by Raman and Krishnan (1928) in which the hydro-
dynamic theory of Stokes (1845) is employed to account for
the forces tending to orient anisotropic molecules in a
flow gradient, the theory of Boltzmann employed to account
for the disorienting forces, and the optical treatment of
Langevin (1910) and Born (1918) to relate the polarizability
of the oriented molecule to the birefringence of the medium°
In the case of flow birefringence, Stokes showed that each
element of liguid in a velocity gradient is subject to
tensile and compressive forces acting along two mutually
perpendicular directions inclined at an angle of 45° to the

direction of flow with magnitude

v e
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where F is the normal force acting 5n the elément,iy is
the dynamic coeffiéient of viscosity, dv/dx is the‘velocity
gradient evaluated at the element, and Vv 1is the velocity
of the molecules in the x direction,which varies as a func-
tion of the x coordinate only. Using the Navier-Stokes
equations, Lucas concludes that the acoustically induced
forces on the molecules in a liquidbact in the direction of

wave propagation (x-direction) with magnitude given by

JF = 25 du o (2-2)
where u is the velocity of the molecule in the x direction

which varies as a function of the x coordinate only. Also,

Lucas assumes that the sound is present in the form of a

plane wave. Using relationships among the acoustic variables

Lucas arrives at the relationship

[Fmo\y: 22/ -(:CL”\/ 720:’2“#'% o (2-3)
where Jfrmax is the peak value of the sinusoidally varying
force (actually force per unit area), ¢> is the angular fre-
quency of fhe.sound wave, c is the velocity of sound propa-
gation in the medium, I is the intensity of the acocustic
wave, and 2 1is the undisturbed densgity of the medium.

To relate the orienting forces with the observed bire-

fringence, Lucas employs the relation

~ : 0 rzj§~;” | (2-4)

’
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where ny is the index of refraction for the extraordinary
wave, n is the index of refraction for the ordinary wave,
and n is the index of refraction of the undisturbed medium.
M, the proportionality constant between the orienting force
and the observed birefringence, is the Maxwell constant
which contains the relationship between the orienting force
and the optical anisotropy of the molecule. Hilyard and
Jerrard (1962) combine the formuli of Lucas (19392) and Raman
and Krishnan (1928) to give finally

4 e (n=0(nke) s NE
(0 =0e), = e T 723) £ (%) (2-5)

where No is the number of molecules per unit volume, k is
Boltzmann's constant, £(¥) is a function of molecular size

and polarizability, and

z« "’-.2
M = (n-1) (_VH l £ (¥) (2-6)
!Or\z /\/o Lf '
Raman and Krishnan give £(¥) as ‘ |
. [Amla ~ o, { Qy~d }922 -LBB { C.S“O\\ 33 D3
§(kf‘>: (0‘ a )(‘L’Jl Azz)"f (‘I QB){ )’f‘(\ SUJ g,) (2-7)

(o +ar+a3) (b, + by, + La3>

where a is the axis of the ellipsoid representing the mole-

cule and b is the optical anisotropy along the axis a.
Lucas did not include a time dependencéifor ny»nx,

though he does assume a spatial dependence

= o e kKX
C T Cmax A

where Jﬁ is the phase shift between the x and y vectors.

Hilyard and Jerrard (1962) add a factor sin(wt-kx-g) to Eg. 2-4
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where g is the angle by which the oscillations éf the mole-
cules lag behind those of the sound waves.

The theory of Lucas has been modified by Frenkel (1946)
who considers the same mechanism of molecular orientation,
but introduces the fact that when the acoustic wave disap-
pears, a finite time is required (the relaxation time) for
the birefringence to disappear. Unforfunately, Frenkel does
not derive an expression for (ny—nx) but only derives the

form the correction for a single relaxattion time should take,

viz.,
' S [ -2 AT Gﬁ: | B
i 3 e ‘ (2-8)
(+ W= T2)*
where S is an anisotropy tensor of the molocule, A is a

11

constant, 7 is the relaxation time, and Gll‘is a velocity
tensor, which, if the time dependence is inserted into Eqg.

2-4 gives

(1y -1 ") = n MK (H—w ?r (Zi)vz

where K is a constant.

(2-9)

Peterlin (1950) has also proposed‘a theory of acous-
tically induced birefringence based upon the work of Jeffery
{1922) who considers the molecules of the Solution to be
rigid, anisotropiq ellipsoids of revolution having major and

minor axes of lengths 2al and 2a2, respectively.
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Peterline assumes that the optidal‘axes of the molecﬁle coin-
cide with the geometrical axes.‘ The mechanism of orienta-
tion is considered to beé the same as that proposed by Lucas,
i.e, the orientation is the resulf of a kinematic eguilibrium
betweeh the flow gradient set up by the acoustic wave and
thermal agitatidn, However, Jeffery's analysis takes into
account the regular precession of the molecule about itsv
geometricél axes with the result |

O-- &b s 2o | (2-10)

2 ‘

where € is the angle between the major.axis of the ellipse

and the direction of propagation of the sound wave, G is

the velocity gradient, and b is given by

z 2

| — Eﬂm:;glw
atr +a;

The distribution of the molecule at any time t is given by

Peterlin as

- Mo 4 2Meb T (000 L) ain (wi-ke-p)
o e SRS 2 5 wl~kx 2.11
= ] ¢ (4w 7)™ ( ? ( ]( )

where NO is the number of molecules per unit volume, and UO
is the amplitude of displacement of the sound wave. A polar
plot of F for (wt-kx-g) equal to 90° and 270° is shown in

Fig. 2-1. The magnitude of the induced birefringence is now

found by differentiation of the egquation giving the molar

polarization [P] of the liquid, i.e.,

2z
) n -1 A : - -
[P1=qoy G = N N
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(wi-kx) = 20

1
N
~J
(@]
0

!

!

1

i

I}

(wi-kx)

Figure 2.1 Polar plot of Peterlin's (1950) distribution

' ) function. Note how the probability for finding
a molecule oriented in the x direction changes
with respect to the phase of the acoustic wave.
Hence, the birefringence goes positive and nega-
tive during the acoustic cycle, '
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where M is the molecular weight, NA is Avogadro's number,
and ¢ is the mean apparent polarizability. Then, if
and o denote the mean apparent polarizability along the

axes a, and a, of the molecule, respectively, Peterlin

1 2

concludes that
1/ )
n@w?> 7,0 Y2 w '

({)%..nx\ = 6—;:;;7“;()1/ (}Zﬂ) pin (wr-kz~¢) (2-13)

where
[, f\nﬂbmg](&’»-oz) |
@\f[?’_-‘inl o b e T ‘ (2-14)

Comparing (2-6) and (2-14) it is noted that the term kT is
missing from the latter. -Jerrard (1959) has shown that in

the case of pure liquids
AA:: e (2-15)

where D is the rotary diffusion constant, which is a function
of kT.

A comparison of (2-6) and (2—15)‘ yiélds consider-
able disagreement. With respect toAthe acoustic vériables,
however, (2-13) is the same as (2-9). Hence, measurements
of (ny—«nx)maX as a function of acoustic iptensity or fre-
quency would not yield»information that would help decide
which theofy better represents the phenomenon. On the
other hand, neither theory predicts an upper bound for the

magnitude of the birefringence as a function of acoustic

intensity despite the fact that the birefringence should
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approach a maximum as the percentage of molecules aligned
in the field approaches 100%.

Peterlin (1967a) has produced a theﬁry for‘polymef
solutions in whigh the molecules consist of Z £ 1 beads
connected by Z statistically independent non-linear elastic
links (necklace model). Because of the flexibilify of the
mdlecule, the solution ié assumed to behave as a pure liquid.
Peterlin assumes the hydrbdynamic interaction between any
two beads to be that given by Rouse (1953) and the finite
resistance of the molecule to rapid shape changes to be thaf
given by Cerf (1958). |

The Z £ 1 links of the necklace have a root mean squére
length bo and a maximum length of bln' The hydrodynamic»
resistance £ is concentrated in the beads. The hydrodynamic
.interaction is éssumed'to be proportional to the inverse
root mean sguare distancebbetween the_beads under cohsiderm
ation. The deformation of the molécuie ié assumed small
since the flow gradient is not very large (the Reynolds num-
ber is muéh less than 1). Since the deformation is small,
any non-linearity of the link elasticity can be neglected°
The model resists shape changes with a force proporticnal
to the rate of deformétion, The proportionality factor ¥ is
called the inner viscosity coefficient. This viscosity
associated with deformation includes the "bulk wviscosity! or
the resistance to the change in the molecular volunme for'g

scalar compression of dilatation.
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Peterlin then uses the calculation of Cerf (1959) to
obtain the velocity vector of the beads, taking into account
the hydrodynamic interaction and the forces transmitted by
the chain (elastic links, inner viscosity, Brownian motion).
Since the velocity of the beads has been calculated, the
force F by which tﬁe'molecule resists the deformation rate

v is

F=ec 3y (2-16)

where 3? is the tensor of inner viscosities'measuring the
resistance of the molecule to deformatioh. The optical
anisotropy of the statistical segment ié proportional to the
average square link length according to Kuhn and Grun (1942).
Thus, the difference in the polarizability of the jth seg».

ment. in the link direction & ‘and in the direction perpen-

s

dicular to it, ¥, , is given as

| | L

where j=1,2, . . . z and «; and «, are the corresponding
1“0 i P

polafizabilities for the monomer. Peterlin then defines

(-~ oy ) as the difference in the mean polarizability of

the macromolecule and obtains

. 2 . N
- Ny "+ 2 zr/Jfa C
. bn"“’) A (fy % ) (2-18)

Summing over all the polarizabilities and relaxation times

associated with the segments, the final result obtained is
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’ z
& n{— 'TN"* ¢ ) w’r (an'(w'f kx»ﬁ)
Ay ~Ny)= &~ TRl e
( b ) E] ) ( N\ (5‘t );I (’4_ WP } ) (2-19)
where
Tz b /20, N
and

7;: =, (1+ 9 Y, /)
77 is the relaxation time associéted with the pth segment,
7; is the relaxation time of the segment @odified by a
factor dependent Qn:the inner viscosity, DO is the diffusion
constant of the beaa gnd'ﬂp and ), are eigenvalues of the
interaction matrix. Equation 19 has the sawue form for
ny—nX as does Eqg. 13, the result for a rigid ellipsoid
in a viscous medium with only a single relaxation time.
The phase angle by which the birefringence lags the velocity
gradient is’given as |
AT 2D
Y w7 /s w7 ")

(2-20)

tm/s, 55:

The birefringence first increases linearly with fre-
guency, passes through a transition region whose width depends
on the number of segments and the degree. of permeability

to the solvent, and finally approaches the saturation value

. - 2, 2. ) ‘/2 , P .
(nﬁ“n%wﬁ ‘1; (? “) %) 1 s ( rvh) pZ::(H ) (2-21)

'The width of the transition region is greater for a polymer

with many relaxation times than for a single relaxation time.
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DeSpite,this, the maximum phase shift is limited in Eg. (2-20)
to 90°. Since the method of measurement given in the next
chapter will enable measurement of this phase angle, as

well as the quadrant the angle appears in (if 4 is less

than 3600), ﬁeasurements of a suitable polymer over a wide
frequency range would provide a good test for this aspect of

Peterlin's theory.
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ITI. APPLICATION OF THE THEORY OF ACOUSTIC DIFFRACTION
OF LIGHT T0 MEASUREMENT OF ACOUSTICALLY

INDUCED BIREFRINGENCE

From the time Lucas (1939) first observed acoustically
induced birefringence to the present, investigators have'
employed the same basic experimental arrangement, see Fig.
3-1. The modification by Zvetkbv, et al., (1946), Badoz (1957)
and Hilyard (1963) served to increase the precision. The
basic assumption in all the above methods is that when a
light beam passes through the test fluid, its components
become separated in relative phase, and this separation can
be detected with near field optical measurements. The bésic
measurement system is illustrated in Fig. 3-1.

The polarized light beam passes»through the test fluid
in the z direction perpendicular to the direction of sound
propagation (x direction) with the polarization vector at.
45° to the x axis (Fig. 3-2a). Let the two components of
the incoming light vector E be EX and Ey‘ Each will have a
mégnitude of E/’M?Qand, after traversing a biréfringent
medium, the propagation velocity is less for one component
than for the other resulting in a relative phase difference.,
The ngmber of wavelengths for wave Ey in the birefringent

medium is given by

A ﬂj
N o= 20 | (3-1)
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LAWP POLARIZER . SAMPLE CELL ANALYZER OBSERVER

Figure 3--1. Sehematic arrangement of Lucas for observing
' acoustic birefringence. The y direction is
into the plane of the paver. : :
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Figure 3-2. Schematic of clectric vectors used to calculate
photocell output.
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where d is the length through the birefringent medium and
n_ is the index of refraction for y polarized light. Sim-

ilarly, for the x component of the electric vector,

N, = 4dne

Avac

The phase shift « can be written as

257 ! Avee

_C_C.»» N — N, = ..Ei'_.« (n5 "ﬁx)

where d is assumed to be less than W/2 radians. Or,

J= dk | (3-2)

where k' is the wave number in free space and € is ﬁy»nx.
The electric vectcr leaving the sample medium is the vector

sum of its components (Fig. 3-2c)

Y
. - 2 2 ’ z
£, = [E cos (we-kz-g)+Eycos (we- K'2)] (3-3)
2¥i
having an angle to the x axis & such that
> t “[i, - 4
Ey cos (Lwt~K'2 SI‘) (3-4)

D=
o E, cos (uf%-—k’%)

where w' is the angular frequency of the electric vector

in free space. The analyzer prism blocks the component of

EeXit at 450 to the x axis and passes the component at 135°

(Fig. 3-3), thus,

7

E = Ei?ﬁw‘ cos. (I35°-€)) . (3-5)

~Substitution of Egs. 3-3 and 3-4 into 3-5 with Ey = Ex =

E/fo, yields, after some trigonometric manipulation,



Y-

Figure 3-3. Vector diagram for calculating the light
' ’ vector leaving the analyzer prism.
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= s (w"&-k'z--§z) At ;?i;

E

135°

Or, in terms of the change in refractive index,

14

E E s (wi-kzog)sin[dk ¢ (3-6)

N

35
Since light sensitive defectors do not respond to the phase
angle of the electric vector, the time varyving phase shift
can be neglected. Also, since the birefringence is very

small, sin & can be replaced by & and Eg. 3-6 solved for €:

¢ o= El%‘;o .. 2.. - (3--7)
e k' d
If the variation of the birefringence is assumed sinusocidal
in time and space, ¢ = ¢ . sin (wt-kx) the ratio of the

total intensity of light leaving the analyzer prism, I, to

14

the total available Io when the analyzer and polarigzer are

parallel, is, after squaring Eq. 3-6

W
=% f sive L dl € oy S (et ~icx) ) dx
T - 2 ~

<

where W is the width of the light beam. Since the expected
birefringence is very small, sin2 € can be replaced by C}Z

and integrated, giving

2
s O R A L
== = - 2k W
©
- Oor
L . L0, - A Befa2d) g
= m 2 ke W "7 (3-8)
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where A = Y1 -2cos 2kW and tan ® = cot 2kW - cosec 2kW. For
the case where the light beam is much wider than the wave-
length of sound in the fluid, the last term in Egq. 3-8 can

be neglected vielding

= (3-9)

Ward and Lein (1969) have shown that the general solu-
tion to the problem of acoustic diffraction of light can be
applied to the problem of acoustic birefringence. Consider
the variation of the index of refraction of the medium caused
by the preéence of an acousﬁic wave: |

Ny = No + 1 SW (wt-lx)+ —% cos (wi ~kx— )

Ny = Ny + N siv (wt-kx) = £ (o5 (wtakx-¢) (3-10)

where'no is the undisturbed index of refraction of the medium,
Ny is the change in the index of refraction due to the scalar
pressure variations caused by the acoustic wave. ¢ is the
change in the index of refraction aue fo orientation of the
molecules of the meédium, and @ is the angle by which the
birefringence lags the velocity gradient. The following
assumptions have been made in obtaining Egs. 3-10: all

second order effects have been neglected, the refractive
index change due to the scalar ‘pressure field is assumed to
be in phase with the pressure field, and the orientation of

the molecules are assumed to occur as in Peterlin's (1950)

theory. The signs of the birefringence terms were adjusted
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so that if (wt-kx) is in the first quadrant, the molecules.
are urged to orient themselves along the y axis resul%ing
in an increase in the refractive index for the y polarization
of the light vector and a corresponding decrease for the x
polarization. A further assumption is that the changes in
refractive index due to molecular alignment are small so
that the contributionslto the y and x polarizations can be
considered equal. An additional assumption is that the
velocity gradient causes the birefringence.

| It is possible to combine the sine and cosine terms
of Eg. 3-10, using trigdnometric identities, yielding the

following:

. j v
g = Mt U+ Eswpg Yy (§ cos ) o twembxtd)
(3-11)

Ny = No +U (H; + %Waﬁ)z»f« (%cc-a Ak n (wtw-kxw;)
and
T A R A
ing 4 ,{yng
"‘(;cq OrX = - cen /C/
ng aﬁwx?f
¢
which can be written
dy - Jy = ,g;_ o (3-12)

since '%“ is small compared to 1.
1
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Riley and Klein (1969) have shown that starting with an
index of refraction distribution whose form as that in Eqg.

3-11, and solving for the amplitude of the electric vector

1

in the nth-diffraction oxder,
| B { 7 . r
Ol . ‘[“’-’ t-k2 4.»-/)(W’C,.zcx—}~[,).;_7 313
un“~E y;&) ¢ | | /) ( )

where En is the magnitudé of the electric vector in the nth
order, E is the magnitude of electric vector ehtéring‘the
sound field, 7ﬂduﬂ is the amplitude function relating sound
amplitude to the magnitude of the diffraction effect (See
Appendix 1 for a computer program to.evaluatenthis function).
3¢is the angle between the real and imaginary parts of
the function ﬁbrlhf) and is a function of V., V" is a para-
meter relating sound pressure amplitude to the change in

refractive index, e.qg.,

vz b (g’; )S p (3-14)

where p is the peak pressure amplitude énd'egfjl is the
adiabatic piezo-optic coefficient. Riley and Klein (1967)
give an empirical expression for the piezo-optic coefficient
in terms of the index of refréctioﬁ of the fluid

9,&.,,) = "“{‘_“.Z‘_(O.«é?)q i’?j*@g%?g Mo ~,Zé%> (3-15)

P s Fe
where g is the density of the fluid.

Ignoring common terms between the x and y components of

E gives
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o E .  ((nd,
Ey= G F()e %)

and

) C’F. .
tsye (77

H

Ex (3-16)

In the discussion of the Lucas methbd of measurements, the

X and y components wére shifted ih phase but the amplitudes
remained the same. Now, the amplitude variation will also
be taken into account. The phase difference between tﬁe two

vectors is

and the light leaving the sample cell in the nth order is

%
E Ve £ .« 2 ’ . P
E e = o (W09 i (w0t )+ )i wf)”-”’
making an angle £ with the x axis such that
/17{/ (V Q/v'v\- fA)"l‘f 71-[5\

- (3-18)

&
t‘/’” /v’n (V ) A (@' )

Substituting Eg. 3-17 into Eg. 3-5 gives the following

Etsé‘ = (l+t§m @} y(U) aan Wt cw(’““@)

E 50 %*(ﬁk@ﬁ@%ﬁdt+dy~1#@)¢wLﬁt)

1257 =

Expanding the first sine term and rearranging,

by
:%:f (3) oA + ((F, (y) Cos 8= “Hm) ‘1 o (W)
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where tan A = 'W% “%) Qi A
/,Ly, (UB) Con £~ ’y‘m )

(3-19)

Completing the square yields

y E D) -4 () e 2 )Y, t(/"}(f-aﬁsé)]%"- g »
= ?[(’ﬁ%)« 635 2 Yo ) G st 44) (3-20)

125°
The V” parameters are proportional to the corresponding

quantities under the radical sign in Egs. 3-11.

v o= (n, + G B C N
9 ‘ z Sn,)

£ ain § PN |
UV, = n, -~ g
* ( ! 2 8"!( \)
Let
U= ﬂ‘ LC' cj
and thus,
Vo -Vx o s e (3-21)
U - Vo N, Sf""f5

Squaring Eg. 3-20, to obtain the photocell response,

e

Lo o /f[( ¥ b) ~H 05 D) 25 65) Fa65) (f - cos aY] (3-22)
T : .

The sound pressure calibration can be accomplished by using
the arrangement shown in Figure 3-4 with the analyzer set

© to the x axis. This provides the parameter U as a

at O
function of the voltage applied to the piezoelectric trans-
ducer. In Eq. 3-21, @ is independent of v~ at a given

frequency as is the ratio é/nl, since both ¢ and n, are

N

oroportional to v (using the assumption of Peterlin's (1950)
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model). Hence (U;~L§)/g“is also independent of U™,
Similarly, (vkmv;) is independent of v~ as seen in Eq. 3-12.
To obtain ¢ and @, the light intensity is measured in
various diffraction orders and Eg. 3-22 is solved twice to
obtain (JQuJ;) and (V&~U§)/v«, In the zero order, howevef,
Eg. 3-22 can only be used to find (W§~U;)/V“» The function
’Vn(vﬁ is calculated by numerical methods to obtain not only
the magnitﬁde but also the phase-angle 7 (the program is

given in Appendix 1). Then

(U‘j-tfx)
+C& % v ( d_) - dw‘)
and
n, (45— )
¢ = E (3-24)

M(_as /Gf

A second method of measuring birefringence in the
various diffraction orders (Riley and Klein (1969)) takes
advantage of fhe fact that the phase differences and ampli-
tude changes measured are independent of time. The phase
difference A can be compensated for by a Babinet-Soleil
compensator and the ratio of the two amplitudes'yh(U§)/}h(U&)
can be measured by rotating the analyzer prism. The pro-
cedure is exactly the same as that required to analyze
elliptically polarized light. The photocell output is
observed and the two adjustments made until the light
exiting from the analyzer prism is extinguished. Then 4 is

just the negative of the value of the compensator setting and,
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if P is the rotation of the aﬁalyzer, then ‘
: . : '
.jé)ﬁg) = t&m P ‘kqﬂ&> (3-25)

where }3 is measured with respect to the x axis and is
considered positive if the rotation is toward the y axis.
Evaluation of the data is straight forwérd, i,e,,ﬁin(v;)
and.>7 i are calculated from the experimental value of u‘X;
y~.. is determined from (¥n(V§) Ey taking the_ihverse of the

function (a trial and error procedure). '7y,is then

determined and

0 -dv = b ~(7,~7x) (3-26)

The birefringence information is then evaluated using
Egs. 3-23 and 3-24.

In order to get J&—f; and (VQ“V;)/U“ from Eq. 3-22,
the incident light intensity Io must remaln constant so that
the'ratio of In/Io can be calculated. However, the laser |
light souxrce ﬁsed did not have sufficient long térm stébility
to get accurate results. Further, variétions in the optical
path due to manual adjustments or thermal gradients can
, cause the overall light transmission to be different from
time to time. The method proposed by Riley and Klein (1969)
eliminates tﬁe incident intensity as a parameter and 6/y~é;
and €'~V; can bg calculated from Egs. 3-25 and 3-26. However,
the sensitivity ié limited to values of about 0.01 for both

o
¢ o nad -y
v LX a \;y VX/W.
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A method which has a sensitivity of about .Obl and
minimizes the effect of varying incident light intensity can
,be-dbtainedjiby measuring the photocurrent for two orienta-
tions of the analyzing priSm, For the crossed position, Eg.
3-22 can-be used. However, consider the situétion wherein
the analyzer is rotated a small angle ¥. Then, the vector

leaving the analyzer is given- as

- = os (126%+ % ~©) _
E(B;ﬂfxx" ISP ( (3-27)

Substituting Eq. 3-17 into 3-27 gives the following:

o .
E(]%go.i_)'() Pt .§: /}L'n(\f)‘)[ i*‘f‘ f?\: 9] 7"5,)\,‘ Lg_r,f cos (,3S°~fv>( "(9 )
: 2 .

where tan & is given by Eg. 3-18.

R 'y . go.:_ 1 A "55“3._:- T e,
VL"HJSAQ-F')( -~ -:Cr‘"i ’l/’h(v")()j',,uwb[(oS(B ’X)”‘ (5’ (' px){z'””’ ]

= - E fwt eos (¢
Eigstex 7 [T x) e

Dividing by sin(135° +% ) and expanding the second sine term

we get ;
, s 17
- = £ ¢os HS%—X)L{VW\ () cen & = B 03 b (45 %)J o+
Eisyx = Vs N
ﬂ:;ﬁg) &J’zﬁ 1 Y (u;f‘+-ﬂ~)

where ;
: Yo, @3) an A I

- = — e o4 X
TGon A A (v, Y oo & — Y (5) Tom o + )

) ) et 0o ()
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Completing the square yields

H = 'VQ(U;) tan (4574%)

P

J = |- cos 4
E (,_} [ }‘} f 2 Vﬁ
e fely 5§ +¥ Bdr (o) L N Y ofu=Yolde ] _
Eppee,, = x._fvmé&mw {H0g) =0} 2 Y, (3 1 Gae)

If ¥ = 0, then Eg. 3-28 reduces to Eqg. 3-20. The ratio

of the photocell response for K = 0 to the response for

K £ 0 is

I t{"/é(uﬁ)‘%(uz)}1+ 2V ) % (), T .
vk { SR S o v_
T Eeos(i5™0) [{ V63 = Y% 2 ¥al)-H-T ]

(3-29)

The incident intensity.does~not appear in Eg. 3-29 so that the
light source need only be stable long enodgh to obtain 2 photo-
cell readings. Also, X can have any value up to * 450, which
would be equivalent to measuring just In in the nth diffrac~_
tion order. A K of 0.5 degrees was chosen to obtain current
ratios of approximately'lo4 in the zero oxder. Thé guantity
(U;~U;)/gﬂ is obtained from measurements in the zero order
using Eq. 3-29 and is used in the other orders to obtain
(J;—J;). - € and g may then be found using Egs. 3-23 and 3-24.
Eqg. 4—7iis used to evaluate the experimental data since it

takes into accodnt the leakage of light through crossed

polarizing prisms.
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Iv., LIMITATIONS ON SENSITIVITY

The photomultiplier tubé'used as a light detector has
two fundamental limitations. One is the shot nbise current
iSn which limits the preciseness with which the anode
current can be measured. The other is the dark current id'
i.e., the anode current present when no light impinges on
the photocathode. This current limits the smallest light
level which can be detected., Yariv (1971) states that the

shot noise current is

— 2

co=26e (¢ +¢])B | (421)

where G is the current gain in the photomultiplier, e is the

charge on an electron,'iC is the average value of the‘output
current due to light impinging on the photocathode, and B
is the bandwidth of the detection circuit. The manufacturer!s
data sheet shows a typical value of G is about 2x106, The
measured value of dérk current is about 2 na. Assuming that
no light falls on the phototube and that the bandwidth of
the detection circuit is about 1 kHz, then from Eq. 4-1 the
shot noise current is about 1 na. |

If an optical signal impinges on the phototube, then
not only will the anode current increase, but, according- to
Egq. 4-1, the noise level will increase too. If the signal
consists of a large, steady background with a small varying

component, then the shot noise generated will swamp out the

small variations. This fact makes it necessary to minimize
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the amount of stray light fallihg on the tube whehtattempting
to measure acoustically induced birefringence. Some of the
steps employed to minimize stray light are turning off room
lights, removing or covering all pilot lights, and use of an
aluminum foil baffle around the phototube and the focusing
iens, By restricting the bandwidth of the output circuit

to about 8 Hz, the dark current could be measufed and was
found to be the same with the slit open as with the slit
closed. This observation was madé with the laser off. When
the laser is turned on, the steady output current increased
to about 5 na for slit openings corresponding to those used
during data taking. This increase was due to light leaking
through the crossed polarizing prishs. This problem is
discussed in detail below.

For signals that are large compared to the dark current,
the shot noise increases as the square root of the signal
level and hence the éignal to noise ratio is higher for
larger signals. The noise level can be traded off agéinSt
the bandwidth of the measuring circuit so that when the
signals produced by the acoustically induced birefriﬁgence_
are 1afge, short acoustic pulseskmay be used. For example,
when castor oil is used as the sample fluid,»signals as
large as 1 ma can be obtained. With a bandwidth of 2 kHz,

the shot noise component, as calculated from Eq. 4-1, is

.about 10 na so acoustic pulses as short as 1 ms could be used. -

For small signals, longer acoustic pulses were necessary to

maintain the low noise levels.
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The range over which the acoustic pulse width‘can be
varied is limited. Pulses could not be made much shorter
than 1 ms due to rise time limitatibnson the tuned circuits
in the rf amplifier system. On the other hand, although very
long pulses could be generated, self heating of the sample
fluid resulted from pulses longer than about 0.5 sec. For
this reason, pulses longer than about 0.1 sec were not used,
except for very low intensity pulses. However, with a pulse
width of 0.1 sec and é detector bandwidth of 8 Hz, the shot
noise level (from Eg. 4-1) is about 0.1 na. When this is |
compared to the leakage current of 5 na due to the finite
extinction ratio of the prisms, it can be seen that the
noise level of the phototube does not limit the maximum
sensitivity of the system. |

If the signal level were to fall below the dark current
of the phototube, EEEEE—mEEhegf_éfiiE_EEE_EEEEEEEEE_»

the signal level, the phototube can be replaced

with another device which has a greater sensitivity to

the laser wavelength. Fof exémple, the 1P28 used here

could be replaced with a much more expensive RCA 7625 photo-
multiplier tube which has 50 times greater sensitivj .
Another possibility is to use a more intense laser(f?i;Zhough
a 1 mw laser was used here, 50 mw lésers are currently avail-
able. ossibility, although not as effective‘as

the previous methods, is to work at higher sound intensities.

The factors which limit the maximum intensity used are heating
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of the sample, cavitation, and the appearance of the second
order effects. In the present work, the limiting factbr

was heating of the sample due to the high acoustic absoirption
of the samples used; S H

The factor most responsible for the inability of the
vsyétem to distinguish very small signals generated by
acoustically induced birefringence in the sample fluid is
the light‘which leaks through the crossed'pOlarizers. This
steady light was adjusted by means of a slit on the front
of the phototube housing so that fhe anode current was about
5 na. It must be emphasiéed that theAS na currént is set
by the experimenter and, even if the above methods of
increasing the detector sensitivity were employed, it would
be necessary to reduce the slit width to bring the background
level back to about 5 na. This level was chosen to bring
the currents generated at different polarizer orientations
within the dynamic range of the oscilloscope and yet still
be larger than the dark current of the phototube.

By definition, the ratio of the light transmitted by a
pair of aligned polarizers to the light transmitted by the
same polarizers in the crossed position is called the extinc-
tion ratio. The'polarizers used in these experiments had
an extinction‘gatio of about 107 to 1. With a 1 mw laser
énd a phototube sensitivity of about 5 a/mw, the'expected
background level would be about 500 na. However, with the

beam expanding telescope and the height limiting slit in
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in place, the measured background was about 30 na with the
phototube slit wide open. As the laser aged, its output
decreased; so that it was necessary to open thé slit wider
to maintain the 5 na background. |

The primary mode of detection is observing a change
in the output current of the phototube when an acoustic
pulse interrupts the light beam. In the previous chapters,
the change in current is presumed to be due to acousticélly
induced birefringence. However, the leakage through the
prisﬁs follows the same optical path as the main beam, so
it is alsoidiffracted, causing a change in the phototube
current. The cause of the finite extinction ratio is not
known. If it were, the sensitivi£y’limit would be
decreased by about’a factor of ten. The sensitivity would
then be limited by the difficulty in observing the differ-
ence between two numbers of almost egual magnitude.

A number of items were considered in an attempt to
determine the cause of the finite extinction ratio. Even if
a means were not found to increase the ratio, at least a
proper correction could be found to account for the.presencé
of the leakage. One possibility is that strain birefringence
in the prisms would cause a relative phase shift in the |
éomponents ofvthe polarized light. This hypothesis was
checked by means of a birefringent compensator. Adjusting
the compensator to obtain a null in the output current did

not improve the extinction ratio. In addition, it did not
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degrade‘the extinction ratio, so its use in compensating
for strain birefringence does not degrade the system per-
formance,

By use of an aperture placed iﬁmediately after the
analyzing prism, light rays travelling off axis to the
laser beam could be eliminated. However, this procedure had
no effect on the extinctionAratio, This meant that the light
comprising the leakage light had to be co-axial with the
laser beam. A check with a third polarizer placed just
after the analyzing prism showed that the leakage light was
polarized in the easy direction implying that stacking
several polarizers would nof improve the extinction ratio.
Also, inserting a poiarizer just after the laser, eo that
the light entering the system was already polarized, had no
effect. The prisms were also rotated on their vertical axis
to establish that the extinction ratio was independent of
the alignment for angles less than about lQo. |

The presence of small scratches on the prisms could
cause some‘depolarization due to scattering. Moving the
relative position of the light beam in the prism aperture
should cause the number of scratches present in the beaﬁ to
vary and hence change the extinction ratio. The ratio did
not change during movement of either prism.

When the sample cell is§placed in the system, the
obsefved extinctionlratio is redﬁced. The degradation
is due to strain birefringence, however, and can be compensated

for by the mica compensator. If the windows are inserted
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too tightly, the strain becomes non-linear and cannot be
completely compensated, ‘Water placed in sample cell pro-
duces no change in the extinction ratio while oleic acid
i in the sample cell produces a definite degradation to
the ratio to about 2x106, The degradation seems to be due
to scattering of fhe light beam and the resulting partial
depolarization. Diluting the sample in a suitable sol-
vent reduces the scatterinq, as well as reducing the
birefringence by much more than a proportionate amount.
For liquids that scatter an appreciable amount of
light, the system described in the previous chapter is
‘sufficiently sensitive to measure any birefringence not
-masked by t%e scattered light. For liquids that do not
scatter light, the items that need the most improvement are
the polarizing prisms. Suppliers of optical devices
report that although the extinction ratio may be guaranteed
to be better than lO5 to 1 for high quality prisms, it is
unlikely that a prismn seﬁ would exhibit a ratio'greater
than 108 to 1. Hence, the prisms used in the current
system are near the limit of available extinction ratios.
In order to obtain birefringence'data when the signal
is the same order of magnitude as the background leékage
current, a correction based on the definition of.extinction

ratio was developed. Let the square root of the extinction
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ratio be Z. Then, if the incident electric vector is E,

the electric vector leaving the prism has a magnitude
E/Z. This idea can be incorporated into Eg. 3-5 so that
the light leaving the analyzer can be written
. = i~ 3 e @ i .
Eizse ™ Eexir [eé (135°- @) *”;f~] (4.2)
If Egs. 3-17 and 3-18 are now substituted into 4-2, we get,

after some calculation,

e = &' [{e-001-2B)F + 200 (1-wso)i-B)]”

(4-3)

Repeating these steps for the case when the analyzer is

rotated by a small angle kX , we obtain for Eg. 3-27

cos X

E,35'°+)\,: EQ)(I'C [cos'(i5€;+k’~9> * - (4-4)

with the result

iy _
Eiconn = EATYS oy B} T
136X QEE{C»D(‘&\N (455%%) X)}%ZCD (/-woJA)e

| ._y A
('t’ox/v (H5°+"X) - 'zr? ):{ * (4-5)
with A = cos (45%¥%) o= V()
f
P - D = Us
B Z CGSQ /}br) ( 7()

The ratio of the intensity in the nth diffraction order for

% = 0 to the intensity when ¥ # 0 is then given by
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2
In ! £{C“D(’~ﬁ8)}+2CD("‘C054) (/__U'ZB)I
T e [hco0 (b 0o ST 7e 0 (- ey (oon iy B7] (47

Egq. 4~7 can be used to find J;nd; and J;—U; by trial and
error. However, the measured currents must have the dark
current and any undiffracted background currents subtracted

from them before forming the current ratio.
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V. EQUIPMENT

The instrumentation employed in the.exberimental'study
consists of pulse and synchronizing generators, an rf genef§
ator and power amplifier, an electro-acoustic transducer
and sample chamber, temperature control apparatus, and the
optical system. Each of the five stages are discussed
separately.

The pulse and synchronizing generators consist of a
group of Tektronix model 160 series components shown in
Fig. 5-1. A type 160A power supply furnishes power for all»
units. The first model 162 waveform generator provides ‘
all the necessary synchronizing functions. With the
operating mode switch in the triggered position with a 6.3
volt, 60 Hz signal derived from a filament transformer
(Stancor P6466) connected to‘the trigger input terminal,
the synchronizing pulses available from the model 162 are
synchronized to the power line. This is an advantage since
the 120 cycle ripple from £he power supply to the rf power

amplifier causes a variation in rf amplitude. By synchro-

nizing the pulse and the oscilloscope sweep to the power line,

an acoustic pulse is generated whose amplitude is free from
- rapid fluctuations. When medium length pulses (0.017 sec.
to 1 sec.) are empioyed, the waveform duration is set to
provide properly spaced synchronizing pulses. For example,
if 0.02 sec. pulses are needed at 0.1 sec. intervals; the

waveform duration is set to 0.09 sec. so that only every 6th
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power line pulse results in a synChronizihg pulse being
generated.

The second waveform generator is used to provide a
pulse to gate the rf generator. The émplitude of the gating
pulse is fixed by the equipment, but the gate width can be
varied from 0.1 ms to 10 sec. Trigger pulses to drive this
unit are obtained from the first unit. "Care must;be taken
during experiments so that the time between trigger pulses
‘are always greater than the gate time. When high power
levels are used‘the ratio of trigger interval to gate inter-
val is never less than 10 and for very low power levels the
ratio is never less than 2. The reason for the high ratioé is.
to keep the total power dissipation in the test fluid as
Iow as possible.

A Ferris Model 22-c signal generator is used as a source
for the nbminal ffequenéies of 1, 3, 5, 7, and 9 MHz. The
precise frequency is determined at the time data was being
taken, since efficient conversion of eiectricai eﬂergy to
acoustical energy occurs at the resonant frequency and is
iﬁfluenced by the nature and temperature of the flﬁid in the
sample cell. The frequency drift of the signal genérator is
less than 1 part in lO4 per hr. aftef abbut 2 hrs, warmuﬁ,

The frequency of operation is adjusted for maximum
acoustical power transfer to the sample and is then deter-
mined>with a calibrator unit-model LM-7 aircraft frequency
measuring device. . The éccuracy of this unit was 0.05% when

compared with a Systron-Donner Model 1037 electronic
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ffequency counter. ‘The calibrator is permanently connected
to the signal generatof since l¢ading its oufput
causéé the signal generator to shift frequehcyn

A Tektronix model 360 indicator is used as a deteétor B
of the zero beat between the rf signal generator and the
calibrator's internal oscillator. Since theALM;7 is a
heterodyné type of frequency meter; it is necessary to kﬁow
the approximate value of the frequency sc that the appropfiate
harmonics of the calibrator oscillator could be chosen.

This is easily accomplished by utilizing the dial of the xf
generator which can be read to about 2%.

The output of the signal generéﬁor is fed inﬁo the
chassis housing the keyihg stage, the‘preamplifier stages
and the driver stage. The keying stage (Fig. 5-4) fﬁnctions
as an électronic switch. The rf signal is applied to the
) cathode and the gate pulse is applied to the grid of the
keyer tube. A 22.5 vol# battery is used to keep the tﬁbe
biased in the cutoff state. Hence.under duiescent conditions,
thelfube will not amplify the rf signal. When a gate pulse
is applied, the bias on the tube cﬂahges and the tube
amplifies in the grounded grid mode. Buffering for the
signal generator is provided by a cathode follower and an
"emitter follower. As the keying stage is turned on and off,
a large variation in input impedance occurs. Thewfrequency
~of the rf generator is ﬁeasured dgfing the qﬁiesceht state

but must be known during the rf'pulse. The buffer stage
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eliminates the loading change, and hence, the frequency shift
that would occur without it;

The driver stage is a standard tuned grid~tuned plate
rf amplifier capable of delivering 30 watts to a 50 ohm
load at 1 MHz. At 9 MHz, the driver can deliver only about
3 watts. The final output stage is also a tuned grid-tuned
plate amplifier. The power supply for the final stage uses
- mercury arc rectifiers to obtain a high voltage and a high
current capability. A pi L -~ C filter is used to reduce
the ripple. However, a small amount of ripple remains,
and, in order to obtain a stable pattern on the oscillo-
scope, it is necessary to synchronize the pulses toAthe pbwer
line.

The rf voltage is fed to a matching network, basically
a tuned autotransformer, (Figure 5-4) to obtain maximum powexr
transfer to the electro-acoustic transducer. In parallel
with the tuning ca?acitor is a voltage divider arrangement
which makes it possible to obtain a voltage proportional to
that applied to the tfansducer, independent of tuning the
main tuning capacitor and at a level low enough to prevent
damage to thé oscilloscope.

The transducer is an x-cut quartz plate having a nominal
resonant frequency of 1 MHz._ The mounting arrangement
shown in Fig. 5-5, retains the transducer by clamping at the
edge. The front is exposed directly to the sample fluid while

the back is exposed to air. The edge of the transducer is
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enclosed by a chamber containing Dow-Corning type 720 silicon
oil whose purpose is to increase the dielectric strength
about the edge, since arcing will occﬁr around the edge in
air which has a lower.dielectric breakdown than the oil.

The sample chamber is sandwiched kbétween the acoustic
absorption chamber and the traﬁsducer (see Fig. 5~6). The
walls of the chamber are hollow permitting fluid to be
punmped through in order to maintain a pre-determined constant
temperature; A 5/16" diameter hole in the top of the cham-
ber permifs filling and withdrawing of samples and inser-
tion of the temperature cont?ol probe during the experiments.
Two 1" diameter holes bored into the sides of the chamber
provide forx mountiﬁg thé optical windows. The holes are
threaded so that the.windéw and a teflon gasket may be
secured in place by méans of a threaded ring (see Fig.‘5—7).
When assembled, the chamber has a capacity of about 20 cc.

The windows were formed from No. 1 coversliptglass, 25
.nm in‘diameter. The use of thinner windows resulted in
bowing of the glass coverslips, due to internal pressure of the
sample fluid, which acted like a fluid filled lens disturb-
ing the optical beam énd making the diffraction pattern diffi-
cult to obtain. On the other hand, the use of thicker
glass for the windows resulted in the éppearande of exces-
sive strain Eirefringence which could not be compensated.
Even with the No. 1 glass employed, excessive tightening of

the threaded ring would produce excessive strain birefringence.
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The acoustic absorption chamber is filléd with the
sample fluid to assure that a traveling wave field was
maintained. The effectiveness of the chamber could be
tested readily by observing the sharpness of the nulls
obtained when the intensity of light in a particular diffrac-
tion order was plotted against acoustic pressure. At 3 MHz,
less than 1% of the incident energy was reflected into the
sample chamber. At higher frequencies the reflection was
very much less owing to the greater absorption in the sample
fluid. A neoprene gasket sealed the chamber assuring that
the sample did not leak outside the chamber.

The temperature control system éonsists of a main
water tank and circulating pump, an auxiliary cold water
tank and circulating pump, and an electric heater (see
Fig. 5-8). The main water bath tank is heated or cooled
by'meéns of the eleétric heating element or by the cold
water circulating through a copper ccil. The power to
the heating‘element and to the cold water circulating pump
is controlled by a Cenco electronic relay. The felay is
operated by akmercury bulb temperature control element in
which the mercury would rise and fall in a capillary tube
making or breaking electrical contact with a wire inserted
in the capillary. Control is sufficiently sensitive so that
the main bath could be maintained at constant temperature
to withih»i 0.05°C. A Cole-Palmer proportional controllerx

is used to control the circulating pump delivering water
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from the main bath to the sample chamber when tenperatures
above room temperature are used. The main bath is
approximately 1°C warmer than the desired temperature, A
temperature sensitive resistor is placed in the sample
chamber out of the path of the acoustic wave. Thus, as.the
temperature in the chamber varies, the resistance changes
resulting in a change in‘the speed of the circulating pump.
The auxiliary coolant pump is operated in an on-off manner,
while on the other hand the main circulating pump runs con-
tinuously, with the pumping rate varying proportionately to
offset thermal losses to the surroundings. It is estimated
ithat the temperature variation in the sample chamber was
‘no more than 0.5°C. Better control of the sample chamber
témperature couid not be obtained since there ié considef—
able heat loss to the surroundings. The optical windows,
the acoustic transducer and the absorption chamber- are not
thermally jacketed and hence repreéents paths for>heat loss
that could not be controlled by fluid flowing in the sample
chamber jacket above.

The optical system is mounted on a 2 m Gaertner double
rod optical bench supported at both ends and at the center.
All the components are mounted on carriages designed for use
with this bench, and can be positioned along the axis of the
bench and secured in place at the desired position.

Carriages with transverse motion attachments are used for

the laser, the sample chamber mounting, and the photomultiplier
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housing; These items are attached firmly to 19 mmArods
which fit the cérriageg. All other components except the
optical lenses are mounted on 13 mm rods and adapters are
used to fit them to thé carriages. The lenses are mounted
in Gaertner lens holders which in turn are mounted on
9 mm rods and adapters are used to fit them to the 19 mm holes
in the carriages. Fig. 3-4 shows the optical arrangement,
A Spectra—Physicsimodel 130-B helium-neon laser is used
as the light source and is capable of emitting 1 mw of mono-
- chromatic polarized conherent light at 632.8 nm wavelength.
The output amplitude has less than 2% peak to peak noise

at high frequemies‘(greater_than 1 Hz). On the other hand,
the long term stability is poor. The amplitude could often
fall by 40% after 8 hours continuous use although it would
fecover overnight.

The laser beam is too narrow to use directly, thus a
teléscope is used to expand the beam approximately 3 times
in diamter. The telescope consists of twb double convex
lenses, one 29 mm f£. 1. and the other 90 mm f. 1., the beam
enters the shorter focal length lens and exits from the
longer. The telescope alignment procedure is started by
marking the spot on the wall opposite the optical bench
where the undisturbed laser beam falls. Then, place a target
at the approximate position where the focal point of the

short f£. 1. lens should be on the opticai bench and marking

on it the'position of the laser beam, the short lens is mounted
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in its holder and oriented so the beam is focused at the
center of the target mark. The target is removed and the
long £. 1. lens is mounted and oriented so that the center
of the beam falls on the wall marking and so the diaméter
of the beam remained constant along its entire length.

A slit is placed in front of thé telescope to limit the
height of the expanded laser beam. The slit is opened just
enough to minimize the diffraction of the beam (about 0.2
to 0.5 mm). The polarizing prisms used are Glan-Thompson
prisms with 5.5 mm clear aperture. When crossed, the
extinctioniratio is about 2x106. _When the electric vector

entered the prisms—parallel to the diagonal of the face, it

xr

is either extinguished or maximally transmitted. Light

reflecti m most non-metallic surfaces is almost

completely polarized with the electric vector perpendicular.
to the plane of incidence when the indicent angle satisfies

Brewstert's Law:

to\z\l 9{’ = Y\_ ' (5-1)

where n is the refractive indéx of the surface and 691 is
the angle of incidence. By examining. reflected light through
the prism, the principle axis can be determined when the
reflection disappears. (By a similar procedure, it was

found that the laser emitted light whdse electric vector was
horizontal.) The 45° direction is established by observing

a vertical bar through the prism with a telescope, rotating
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the priém until its side is parallel to the side'oflthe bar
(al1 éomponents are mounted on thé optical bench). The
prisms are mounted by Crystal Optics Co. in a 4.4 cm diameter
ring with a potting compound. The ring is fitted in a
divided circle, which canvbe read to 0.1° by means of a
vernier. A Zeiss birefringent mica rotary compensator (an
accessory to their polarizing microscope) is used to compen-
sate for the strain birefringence in the optical windows of
the sample cell. It is also used to determine the sign of
(U;—d;). However, the compénsator does not quite replace
the Babinet-Soleil compensator since, to obtain variable
phase delay between the x and y components of the electric
vector, the mica plate must be rotated, which also changes
the amplituae bf the x.and y vectors. The theory of this - S
device is discussed in Appendix 3. The nominal retardatibn

is given as 18° for the sodium D line but when calibrated

at the laser wavelength, the maximum phase shift is found

to be 15.26 £ 0.17°. A 189 mm £. 1. iens is‘used to focus

the light emerging from the analyzer prism on a slit mounﬁed

on the front of the photomultiplier housing., Positioning

the lens is critical when 1 MHz acoustic waves are used,

else the different diffraction orders cannot be separated.

Since the sample chamber behaves optically like a fluid

filled lens of long focal length, aiways double convex due

to hydrostatic pressure, it is necessary to check the lens

" position whenever the sample fluid temperature is changed

or whenever a different fluid is inserted in the chamber.
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The photomulti?lier used to detecf the 1light leaving
the analyzer is an RCA 1P28 mounted in a brass housing.

A mu-metal shield with a 1" square hole for light to enter
is placed over the top of the tube to protect it from stray
magnetic fields. A Keithley model 240 high voltage regu-
lated supply is used to provide the 800 v needed by the
photomultiplier circuit. It is estimated from data
supplied by the manufacturer that a 0.01% change in the
applied voltage results in a change of 0.1% in the current
output of the photomultiplier for a constant light intensity,
hence the ﬁeed for a very stable power supply. The 800 v
bias is chosen to provide the best signal to noise ratio,
which is somewhat dependent on the bias level.

A neutral density filter is used to reduce the laser
output by a factor of about 100 when the laser in£ensity
was being calibrated. Although the nominal valﬁe of the
transmission coéfficient_ié 2%, calibration resulted in a

transmission coefficient of 1.174 +

0.003% at 632.8 nm.
The calibration was performed by measuring the phototube

output‘ current with an accurate ammeter with and without

the filter in place.
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VI. EXPERIMENTAL PROCEDURE

The experimentél procedufe starts with the alignmént of
the double rod optical 5ench. Using three carriages, one
With transverée motion, a telescope, and two 9 mm diameter
rods, the following procedure enables the alignment of the
three support brackets éo that torsional strain in the rods
is minimized. First, with no carriages on the optical bench,
the supports are adjusted while sighting along %he rods to
minimize any obvious torsion. Then a 9 mm rod is mounted
on one end of the bench, the second in the center, and the
telescope on the othef end, in a carriage with transverse
motion. The telescope is aajusted so that the two rods can
be seeh”simultaneously. The center support is adjusted so
that the sides of the rods are parallel to each.other. Then
the telescope and rod are interchanged and the end sﬁpport
is adjusted until the two rods are parallel.

The laser is mounted on the optical bench using a trans-
verse motion carriage such that the laser beam was about
8 in. above the optical bench. The laser is rotated in a
horizontal plane until the laser beam falls on the center of
a rod at the other end of the bench. A rod is then mounted
at the center- and the laser moved transversely to bring the
beam to the center of the rod. The procedure is repeated
several times until alignment is obtained. The two 9 mm
rods are then removed from the bench since the laser beam

now provides a visible optical axis.
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The beam expénding telescope is mounted on the bench,
the alignment of which is discussed in the previoué-
chapter. The remaining components can then be mounted on
the optical bench as shown in Fig. 3-4, and each is aligned
by adjusting its height until the laser beam passes through
the optical center and secured in that position. The compon-
ent can now be rotated in a horizontal plane until the laseﬁ
beam reflects back upon itself and the carriage thumb
screw tightened to hbld the adapter in place. The polarizing
prism is aligned at 45Q, as described in Chapter V. The
distances between the optical components are not critical
except for that between the diffraction image forming lens
and the slit on the photomultiplier housing. This adjust-
ment is made during the course of the experiménts.

About 50 cc of the sample fluid is withdrawn from its
storage céntainer, by means of a syringe, and transferred to
the sample chamber. This is repeated until the chamber is
filled. All the following calibrations are performed with
the sample fluid in the chamber. The fluid is allowed to
\stand for at least one-half hour before taking data to
allow temperature equilibrium to occur and to allow any
bubbles formed in the f£illing process to disappear. |

The main temperature control bath is controlled inde-
penaently of the sample chamber 1°C above or below the
desired sample chamber temperature, depending on the tempera-

ture of the room. Thus, the rate of flow of water to the
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sample chamber will determine the temperature of the sample'
since a thermal balance occurs between the_heat obtained
from the main bath by circulation of water and heat loss
to the surroundings. While a temperature gradient is set
up by this arrangement,which is greater than would occur if
the rate of water flow were constant, the temperature can
be sensed in the sample chamber by the thermistor connected
to the proportional controller and maintainea to within
¥ 0.1% at the point where the optical beam traverses the
acoustic beam. If the constant flow arrangement is used,
the temperature could change: byas much asvi 0.5°C due to
changes in ambient temperature coupled with poor thermal
jacketing of the sample chamber. An attempt to sense the
temperature in the sample chamber and to use this to control
the main bath temperature, while a constant flow of water
was maintained between them, resulted in unstable operation.
The following procedure is used to calibrate the laser
intensity and to establish the correct setting ef the
analyzer and polarizer combination. The slit on the photo-
multiplier housing is closed, the analyzer prism is rotated
to obtain maximum transmission of light through the system.
The room lights are then turned out and the 800 v bias is
applied to the photomultiplier circuit. The photomultiplier
assembly is moved transversely until the maximum deflection
of the osciiloscope trace is obtained. Leakage of the light

through the closed slit was great enough so that 5 to 10 f&a
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butput could ‘be obtained from the photdmultiplier.v Care
must be taken so that the current does not exceed 40;&&,
since the oscilloscope inputAimpedence is 1 megohm and the
linear range of the photomultiplier output extends only to
40 v between the anode and ground. The analyzer prism is
then rotated until a null is obtained, the neutral density
filter mounted on the optical bench, the analyzer rotated
about 60, and the slit opened until an output reading of
about 10 pa was bbtained. The analyzer prism angle is
read on the divided circle, and the photomultiplier current

read on the oscilloscope, and all values are recorded.

The analyzer is then returned to the crossed position, the

neutral density filter is removed, and the null established

more precisely and the resulting angle recorded. Since the

intensity of the light passing through.the polarizer and
analyzer combination is proportional to sin2 € , where O

is the angle of rotation of the analyéer and is zero degrees
at null,the photocurrent that can flow wﬁen the polérizer‘

and analyzer axes are parallel, can now be calculated as

L?O" =Ly /(s:ﬁ!zg 90.//7’7’>
The index of refraction is measured by means of the
Wollaston refractometer assembly mounted directly on the
sample chamber in such a manner that the refractometef could
be positioned in the sample fluid in the center of the laser

beam. The neutral density filter should be installed and

- the height restricting slit closed as a safety precaution.
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A telescope with an eyepiece mounted at right anglés to the
optical axis is used to view the laser beam. ‘The.slit is
openéd just enough to let sufficient light through for the
index of refraction measurement. The assembly is rotated

“until perfect reflection is observed and this angular
position recorded. The assembly is rotated in the opposite
direction until perfect reflection occurred once more.

The total change in angle GC thus measured is just twice

the critical anglé, s0

Mo T (€3 ) (6-1)

The rf and gate pulse systems are arranged as shown in
vFigs. 5-1 and 5-2. Each time the frequency is changed during
the course of experiments, the rf system has to be re-tuned,
i.e., adjust all the resonant circuits to resonance. As a
precaution against high power dissipation br large transient
voltage, the gate pulse width used should be 2 ms with a
repetition rate of 20 pps and the plate voltage on the
final amplifier is set to 200 volts. All tuning capacitors
are adjusted for maximum émplitude of the output pulse
starting from the matchbox tuning capacitor and working back
to the driver grid tuning capaéitor, while the output pulse
is observed on an oscilloscope. When the tune-up procedure
is complete, the rf signal generator output voltage is
returned to zero and the final\pléte voltage_increased to

2000 v, or if maximum power is required, to 3000 v.
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For the frequency range donsi@efed in thése experiments;
the calibration of the sound’ intensity can e made by |
reverse interpolation in the tables of acoustic diffraction
function values geﬁerated by the computer program in Appen-
dix 1. The polarizing prism is rotated to 0° and the
neutral density filter inserted fo eliminate the effect of
AIB on the calibration. The calibration is'qarried out
by increasing the rf generator output and recording the
central order photo-current with the sound on and with the
sound off for a series of rf voltages. V values up to 6
can be used and the ratio VA, determined, whére vV is fhé
voltage applied to the transducer. The average ratio is
then taken as the calibration constant. In order to obtain
the average intensity of the acoustic WaVe integrated over
its width, the method of Klein and Cook (1967) is used giving

2

v - (6-2)

4 an \©
2K d e < 3;»35

with Eg. 3-15 used to evaluate (a“/apé ’. The ratio V7 /y

Ia\\/f) =

is plotted for several frequencies near the nominal freguency
and the frequency where the ratio was maximum is used in
obtaining the birefringence data. The LM-7 frequency 
measuring device is used to determine the freguency of
oberation accurately. The tuning of the rf amplifier is then
further adjusted to provide maximum output at tﬁe'operating

frequency.
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Just prior to taking birefringence data on the sample
fluid, the analyzer and the rotary mica compensaior are
adjusted for null., If strain birefringeﬁce in the sample
cell optical windows is presént, but not too large, the
rotary mica compensator can cancel éompletely the optical
phase shift thus produced by the windows. For the case
where the strain birefringence is reiatively large, the amount
of optical phase shift varied across the width of the laser
beam and can only be partially compensated for.

When the analyzer is adjusted to the cross position
and the rotary mica compensator is adjusted to cancel the
stréin birefringence in the optical windows, a small amount
of light still passed through the analyzer. Careful inspec-
tion of various parts of the optical system revealed that
the polérizer and analyzer prism combination limits the
depth'of the null. The pair of prisms héve an extinction
ratio of 2x106 at the laser wavelength which, while guite
good, is the main limiting factor in determining the bire-
fringencé of the liquid sample. The effect of this light
leakage is to cause a small current to flow in the photo-
multiplier circuit at zero sound level. For this condition,
the measurement of AIB consists of determining the change
in this background current, which changes due to acoustically
induced diffraction of light, as well as due to_acoustically
induced birefringence. When measuringithe effect in castor

oil, the induced birefringence causes such large changes

in the light output, that the background level can be
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ignored. For hosﬁ other fluids, the background level shift
.had to bé taken into account. It should be.nOted that iﬁ
the side orders, no light leakage occurs with the acoustic
level at zero, but the leakage light is diffracted when the
acoustic wave occurs resulting in the appearance of light
even if the induced birefringence is zero;

In order to make measurements at such low light levels,
it is necessary to restrict tﬁe bandwidth of the photo-
multiplier output circuit to minimize the noise level.  This
is done by placing a capacitor in parallel with the input
to the oscilloscope. Values used were 200 pf, 1000 pf,
0.005 pf and 0.02 Pf' The capacitance associated with the

input of the oscilloscope, the connecting cable, and the

output of the photomultiplier-totals 50 pf.




VII. EXPERIMENTAL RESULTS

Castor oil ahd oleic acid were investigated over a
wide range of cond;tions in order to establish the validity
of Eq. 4--7. These_liquids éxhibit a relatively large bire-
fringence so that imperfections in the optical system did
not significantly effect the data. Both liquids have high
viscosity which limited the maximum acdustic intensity
obtainable at the point of measurement. As the frequency
of operation increased, this effect became more pronounced.
For example, at 9 MHz, the acoustic absorption was so high
that data could not be obtained. Since the oleic acid absorp-
tion is not as great, measurements at 9 MHz were possible.

The phototube current ratio predicted by Eqg. 4»7>varies
over a wide range of magnitudes. In Fig. 7-1, Eq. 4-7 is
plotted for castor oil at 3 MHz for a value of 4Y/y which
gave a best fit to the data. Although the ratios varied
by more than three orders of magnitude, the experimental data
varied in the same way. When taking the phototube current
ratio data, the ratios are difficult to reproduce to within
the precision with which they can be read on the oscillo~
scope (3%), when the acoustic intensity is brought to zero
and then returned to some fixed level. The very steep
slopes present on the curve in Fig. 7-1 indicate that a
variation in V would result in a very much larger,variatioh

in the current ratio. The circles shown in the figure repre-

sent the experimental data and their radius represents an
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Figure 7-1. A plot of the 0 order current ratios
- for Ofrom 0.4 to 6.0. Castor oil
at 317°C and 3 MHz.
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error tolerance of about five percent in tﬁe magnitude of
the current ratio. However, an error of ¥ 50% in the current
ratio would still result in the circle touching the theo-
retical curve at a v value of 1.0.

When attempting to find a value for &V /,~ which best
fits the experimental data, the error in the magnitude
of the current ratio does nét provide an acceptéble criterion,
Even the logarithm of the current ratio is not a good test
since the curves are Still quite steep on a semi;lég plot
such as Fig. 7-1. The criterion for best fit is to minimize
the average of errors in the acoustic intensity required
to obtain the observed current ratios. This procedure
showed that the average error in the acoustic intensity
for an experimental run such as that shown in Fig. 7-1, is
often smaller than the error in reading the oscilloscope,
which, in this case, the average error is about 1.,2%.
However, one difficulty with this procedure is that ratios
measured when the curve is fairly ‘flat (such as the region
about V- of 3.0 in Fig. 7-1) exhibit large errors in v . This
is exactly the opposite of the problem occurfing when the
slopes of the curve are very steep. No satisfaétory proce~
dure was found that would incorporate the best aspects of
both error minimizing methods.

Figure 7-2 extends the comparison between tﬁeory and
experiment to the fourﬁh order. The curves become
smoothef as the order increases so that the aﬁcuracy

of the comparison depends more and more on the accuracy of the
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- Figure 7-2. The phototube output current ratios for
various diffraction orders. Castor oil
at 37°C and 3 MHz.
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current-ratio measurements. However, the curves demonstrate
that there is good agreement between the various orders for
a fixed value of J;—J;, though the data in the first order
suffer from the same evaluation problem found in the zero
order, i.e., some areas have a shallow slope and require an
evaluation on the basis of accuracy in the curreet ratio and
other areas have such a steep slope that they require an
evaluation on the basis of accuracy in the V values.

The results discussed above are all for 3 MHz. Addi-~
tional runs were made at 5 MHz in castor oil and 9 MHz in
oleic acid. As the frequency increases, the amount of light
in the verious diffraction orders change resulting in a change
in the shape of the current curves. The most obvious chehges
are the position and the sharpness of the maxima and minima
(Figs. 7-3 and 7-4). It is seen that with increasing frequency,
the zero order data exhibit a gradual smoothing of the current
ratio curves. Surprisingly, the higher order curves are grad-
ually becoming more peaked. Because the acoustic intehsity
levels used at high frequencies were kept low, to avoid heating
the sample, measurements were not made at the maxima and
minima to verify their presence. The zero order maximum at
5 MHz could be reached, however, and agreement with the
theoretical shape remained good. The curves are exfended
| to a Vof 5.5 for ease in comparing the high frequency curves
with those et low frequencies. The small amplitude of the

peak on the zero order curve in Fig. 7-4 is not only due to
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Figure 7-3.

The phototube output current ratios for
various diffraction orders. Castor oil
at 31°C and 5 MHz.
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Figure 7-4.

The phototube output current ratios for
various diffraction orders. OQleic acid
at 15°9C and 9 MHz..




ieep

-12"

Lcf

86

z= 0

G




-87

7001 : .
_ (R= [.737
, _ . N . ' pv_ .
bcr- _ S _ S T eesig
n =1 v
_ @"fr;.r -, 0lYg
g0~ ' '

aow AP
x> 4

Rl

bl

~

VS o S s

-
,E 5

:(.’-‘2"




88

the low value of ngr, exhibited by the oleic acid, i.e.,
using 0.031 for the value of 4V /, the curve shape diffefed
only slightly so that the changes in shape appear to be due
to the increase in Q.

Thé maxima-and minima for the current ratios do not
correspond to the maxima and minima of the phototube output
current when the analyzer is oriented at 0°. For the data
plotted in Fig. 7-1, the first‘maximum occurs at a ¥ of 2.3,
For fluids that exhibit only a small birefringence, fhe
correspondence becomes better. The point at which the
current becomes a maximum then, is not the best point to
evaluate the birefringence data. When attempting to measure
weakly birefringent liquids, the best point at which to obtain
and evaluate the data is just prior té the first maximum.
Data may also be obtained just after the first maximum or
near any of the other maxima, but the scatter in the current
magnitudes increases due to the extreme sensitivity of the
current ratio to the amplitude of the sound. This restric-
tion applies to all orders.

Another point that was investigated concerned whethef
or not there is an optimum diffraction order for evaluating
J;—J;. The point in all diffraction orders where the sensi-
tivity is high énd the amplitude of the current ratio is not
greatly dependent on the acoustic amplitude is the point where
the current ratio curve begins to rise toward the first

maximum. The amplitude of the current ratio is nearly constant
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from zero to the inflection point and, for the sake of compari-
son, the current ratio, as the acoustic intensity is reduced
to zero, is plotted in Fig. 7-5 for the first five diffraction
orders. For small values of J;—ogl the limiting value
increases rapidly‘as a function of order number and, even
though the available light is decreasing, it is‘advantageous
to work in the highest order in which sufficient acoustical
power can be generated to reach the inflection point. On

the other hand, when J;—é; is larger than -0.01, the curves
begin to flatten out and the low orders, where more light is
available,‘yield more consistent results.

When measﬁring fluids with very low birefringence, a
correction must be made for the leakage of light throug£ the
prisms, otherwise the data appear to show a pronounced
amplitude effect. Figure 7-6 shows some attempts at
fitting a value of Z such that the value of 4V /, is inde-
pendent of V- . The ratio of the phototube currents was cal-
culated by first subtracting any background current due to
electrical leakage and scattering and then taking a ratio.
The presence of background due to leakage of light through
the crossed polarizers was not subtracted out. If Eq. 4-7
contains the correct form of the correction, then the.leakagé
will be automatically taken into account. The best fi£ was
obtained for a Z equal to —5x103. The measured extinction
ratio is about 10’ so the expected value of Z is about

3.lxlO3. The negative sign associated with the 2 which gave
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Figure 7-5.

The limit of the current ratio as the
acoustic intensity goes to zero for the
first five orders and various values of

oy Oy
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the best fit was upexpected, Since Z2 is the extinction
ratio and, since the magnitude is about the expected value,
the’ fact that a negative sign appears means only that the
electric vector representing the leakage light has the
opposite phase than originally postulated.,

Figure 7-7 summarizes the acoustically induced bire-
fringence data. Figure 7;7a shows the normalized bire-
fringence calculated froﬁ Eg. 3-24. According to the
théories of the effect discussed in Chapter II, the birefrin-
gence is proportional to frequency below the relaxation fre-
guency and independent of frequenéy above relaxation. The
curves are separated by a small but definite amount which
indicates that the relaxation frequehcy is near the measureé
ment frequency over the temperature range shown. The phase
angle by which the birefringence lags the velocity gradient
is shown in Fig. 7-7b. Moét of the phase angles measured are
greater than 77/4 so that the measurement frequencies were
above the relaxation frequency in most cases. The relaxa-
tion times calculated from the phase informatibn are shown
in Fig. 7-7c. Each relaxation time was calculated from a
single fregquency measurement, an impossibility for near field
measurements. Since the relaxation. times measured at two
frequencies are in agreement, probably there is only a
single process, also an impossible inference when near fieldi

measurements are made.
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Figure 7--7.

Summary of data obtained for Castor 0Oil,
a. The normalized birefringence.

b. The phase angle by which the birefrin-
gence lags the velocity gradient.

¢. The rotary relaxation time.

d. The constant G for castor oil.
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Both the acoustically induced birefringence and the
“relaxation time depend on the viscosity of the fluid. As
the temperature is increased, the viscosity falls by néarly
a factor of ten over the temperature range of 15 to 41%c.
(Handbook of Chemistry and Physics, 1968). Neither the
birefringenée nor ﬁhe relaxation time véry by such a large
amount and this implies that the Maxwell constant changes
by néarly a factor of ten over the méasured temperature
rénge. G, which is defined by Riley and Klein (1969) as a
characteristic of the fluid being studied is proportional
to 7 M: When G is plotted as -a function of temperature as
in Fig.'7-7d, only . a small temperature coefficient is found.
This is a more direct indication thaf thé Maxwell constant
changes in almost inverse propoftion to the viscosity.

‘The corresponding summary data for oleic acid is shown in
Fig. 7-8. The induced birefringence is noticeably smaller
than for castor oil., Also, the phase angles are small, indi-
cating that the relaxation frequency is well above the |
measuring frequency. Thé magnitude of the phase indicateé thaf
oleic acid has a rélaxation frequéncy of 26 MHz at 25°C. Af
350C, this figure rises to about 50 MHz. The oleic acid scat~
ters the incident light cauSing a substantial béckground cur-
rent in the phototube output circuit. Although sufficient signal
currents were available in the adjécent diffraction orders to
obtain a fairly consistant data for the induced birefringence,

the available signal in the zero order was smaller than. the




100

Figure 7-8. Summary of data obtained for Oleic Acid.
a. The normalized birefringence.
b. The phase angle by which the bire-
frigence lags the velocity gradient.
c. The rotary relaxation time,
d. The constant G for oleic acid.
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background resulting in considerable scatter in both the
relaxation time and the G coefficient. Surprisingly, the
value of G found is nearly the same as. for castor oil.
Since the coefficient of viscosity for oleic acid is
smaller than castor oil by nearliy 2.5 times (Keffler and
McLean, 1935), then the Maxwell constant for oleic acid
must be correspondingly larger than that of castér oil.
When investigating the properties of polyethylene
glycol (PEG), a modification to the definition of‘G must be
made to account for the differences in the concentration of
various samples. In order to compare the results of the
birefringence measurements in PEG solutions with the pure
fluids investigated earlier, the concentration is defined

1 k) -

as the number of grams of PEG in one gram of solution. This

M

defihition, then, leads to a number which is the value [G]Sp
and represents the value of G at 100% concentration or a pure
liquid, even though the material may not, in fact, be a
liguid at the temperaﬁure used. This procedure differs

markedly from the usual one in organic chemistry where the

]

a material are investigated as the concentra-

1]

¢

properties o

[

tion goes to zero.

The data obtained for PEG (20,000 molecular weight
dissolved in water) is summarized in Table 7-1. - The vaiues
for [G]Sp are lower than the values for»castor 0il and oleic
iacid by about a factor of 4. However, the apparent relaxation

times and phase angles fall between them. Additional




‘106

Table 7-1,  Summary of data obtained for Poly Ethylene
Glycol (PEG) 20k M.W. dissolved in water and
Ethyl Cinnamate (EC). :

c T £ E/nl g t [G]
, 5 sp
g/g °c  MHz rad x10 “sec g/g
PEG 0.5 20 5 -0.0058 0.82 3.3 -0.013
PEG 0.4 20 -5 -0,0036 0.68 2.5 ~-0.014
PEG 0.4 24 5 -0.0037 0.89 3.9 -0.012
PEG 0.4 24 9 -~0.0048 0.84 2.0 ~-0.015
9 -0,005

EC 15

differences are the positive temperature coefficien£ of the
phase angle, the relative independence of the phase angle,
when frequency is varied, and the variation of relaxation
times with frequency. vThé slowly varying phase as a func-
tion of frequency and the Qariation in relaxation times as a
function of frequeﬁcy both indicate the-presence of more
than one rélaxation frequency in the PEG solution. The
numnber of frequencies at which data was obtained is too
limited to determine the number and position of the relaxa-
tion freqﬁenciés. In theory, if one could make measurements
on a wide variety of molecular weights, the size of the sub-
unit involved could be obtained when the number of relaxa-
tions is reduced to one. Such a study was attempted but the
birefringencé of the lower molecular weights was too small
to be measured.

The data on ethyl cinnamate (EC) was limited by the
Qery small signals occurring during measurement. The bire-

fringence noted in Table 7-1 is smaller than oleic acid.
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Further, the relaxation fréquency must be much greatef than
9 MHz since no signal current was observed in the zero order.
This would place the relaxation frequency above 100 MHz

and place a lower limit on G ofrabout -0.05, the ‘value which
is observed for castor oil and oleic‘acid, though there is

no reason to expect the value to be the same.
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VIII. DISCUSSION AND CONCLUSIONS

The initial experiments were undertaken to verify that
taking the ratio of the phototube output currents for two
orientations of the analyzing prism would allow determination
of the birefringence induced by the passage of sound waves
through the sample fluid. The necessity for taking a ratio
results from the requirement, in a photoelectric detection
methdd, for taking into account the variation in the inten-
sity of the»light source and in the transmission character-
istics of the optical system. The results shown in the pre-
vious chapter show that excellent agreement is obtained
between the experimental and theoretical values of the current
ratio over a wide range of conditions. Although the magnitude
of the acoustically induced birefringence could not be
predicted in advance, once the birefringence has been measured
for:a particular set of.conditions,\then for variation of
the acoustic amplitudé,'the different diffraction order; and

- for liquids exhibiting a single relaxation time, the acoustic
frequency, thebresultant changeé in the magnitude of the
current ratios could be predicted to within experimental
accuracy. The agreement between theéry and experiment is
’reasonably clear for castor oil but is less clear wiﬁh the
other fluids examined due to the increased experimental

scatter accompanying the small birefrihgence exhibited by

other fluids.
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Thé small scatter in the castor oil birefringeﬁce daté
allows a partial comparison of the modified theory of Lucas
(Eg. 2-5) and the theory of Peferlin (Eq. 2-13). Although

,both theories have the same dependence of the birefringence
on the acoustic intensity and the same variation when the
measuring frequency is near or above the relaxation fredquency,
they differ in their description of the optical parameters of
the fluid and has, in addition, a viscosity term. Comparison
of Fig, 7-7a with 7-7c indicates that the birefringence
decreases at about the same rate as the relaxation time
which, if‘the optical parameters do not change appreciably
over the temperature range, is predicted by Eg. 2-13. How-
ever, in Eg. 2-5, the measured birefringence should decrease
much faster due to the presence of the viscosity term. The
viscosity of castor oil decreases by nearly a factor of ten
‘over the température range in which measurements were made
(14.4° to 41.3° at 3 MHz). It would'apbear then, that Eq.
.2—13 more closely predicts the acoustically induced bire-
fringence when the temperature of the fluid is varied than
does Egq. 2-5. Similar conclusions can be made by comparison
of Figs. 7-8a and 7-8c which show the results for oleic acia3
The birefringence at 9 MHz decreases nearly fhe same rate as
the relaxation time over the temperature range of 15.30 to 35.00.
However,.the viscosity is decreasing by a factor of 3 so

that the same discrepancy between Egs. 2-5 and 2-13 still

exists.
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Zvetkov et al. (1946) measured the birefringence of
castor oil as a function of temperature for both flow.bire—
fringence and near field acoustic birefringence méthods and
found that the Maxwell constant had a negative temperature
coefficient for flow birefringence and a positive temperature
coefficient for the acoustic birefringence at 2.8 MHz. If
the ordinates of Fig. 7-72 are divided by the viscosity ofl
the castor oil for each temperaturé, the resulting curve
has a slope similar to the curve obtained by Zvetkov et al.
They argued that the difference in slopes was due to the
occurence of different mechanisms causing the birefringence
'in each case. They noted that the values of M for castor
0il exceeded by several times the values determined for
pure, aromatic liquids with highly anisotropic molecules
and they attributed this fact to the presence of complexes
of associated molecules which are themselves isotropic but,
under the influence of a gradient field, become anisotropic
due to the photoelastic effect. However, they cautioned
that an exact molecular picture could not be given for such
a complicated system as a viscous organic oil. The presence
of associated complexes of molecules would help to explain
the anomalous result of Hilyard (1963) who found that the
relaxation time for n-dodecanol (a 12 carbon compound) was
longer than that of oleic acid and linseed oil (18 carbon
compounds). The size of the complexes formed in each liqﬁid'
may not bear any relationship to the number of carbons in

the molecule.




111

The frequencies at which measurements were made in the
present study covered the range of 3 to 9 MHz. In this
range, the use of Bessel functions to calculate the intensity
of the electric vector in a given diffraction order would
introduce substantial errors in tﬁe evaluation process. The
current ratio variation as a function of frequency is shown
in Figs. 7-2 through 7-4. The substantial changes in the
shape of these curves do not occur when the Bessel function
is used. The Bessel function is the same as the diffraction
function for the special case of the geometry factor, Q
equal to zero. Therefore, the use of the acoustic diffrac-
tion function to evaluate the data is essential to prevent
erroneous fesults. Q does not have to be known very accurately
in this frequéncy range in order to obtain accurate results,
e.g., an errér of 10% in Q would change the calculated value
of &Y/~ less than 1%. For this reason only one Q was used
for each frequency .despite the variations in the velocity of
" sound with temperature and for different fluids. As the fre-
unency of dperation is increased, however, the value of Q
must be known with increasingly better accuracy tovmaintain
the 1% error in the evaluation of J;—g; and AY/y .
| Some of the data in Chapter VII can be compared with'dafa
_obtained by others. Riley and Klein (1969) give a value of
G for castor oil of 0.048 af an unspecified temperature.

This value agrees very well with the curve drawn in Fig.
7--7d for températures around room temperature. Unlike Fig.

7-7d, they noted that their data at 5 MHz did not agree with
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the data obtained below 3 MHz and cited the use of Bessel

functions in their data evaluation procedure as the possible

cause, |
Hilyard (1963) and Zvetkov et al. (1946) express their

results in the form of the Sadron constant S

5= &g (8-1)

where g is the velocity gradient. The results given in

Chapter VII can be converted to this form by using

. . _
S = (_5,,_ 0.637 ng = 0.395 1, ~.2¢3
i

@ (8-2)

Hilyard obtains a Sadron constant for oleic acid near field

11

case of 12.0 x 10~ at 20°C., Using data from Fig. 7-8a,

we get 14.1 x 10711

in the far field. Although the data for
ethyl cinnamate cannot be compared directly since Hilyard's
data is at 20° and the data listed in Table 7-1 is at 150,
the ratio of the birefringence obtained for oleic acid to
the bitefringence obtained for ethyl cinnamate is 4.5 at
20° for Hilyard and-4.2 at 15° for the data in Chapter VII,.
Although the near field and the far field data for oleic |
acid agree fairly closely, Hilyard was unable to determine
the relaxation time since the measurements were taken at an
acoustic frequency much less than the relaxation frequency.
The far fieid data was taken in the same frequency range
and yet, the relaxation time could be measured. This
demonsfrates the advantage of far field measurements.

The results for polyethylene glycol shown in the previous

chapter, along with the results of Hilyard (1963) and
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Zvetkov et al. (1946) for polyiscbutylene and polystyrene,’
indicate that the birefringence exhibited by these polymers

is less than those exhibted by the wviscous oils. 1In additron,
the variation of the birefringence with frequency indicates
that there exists more than one relaxation time. Zvetkbv et al.
point out that both the polyisobutylene and the polystyrene
solutions exhibit appreciable flow birefringence and that the
low value of acoustic birefringence observed is due to the
inability of the polymers to follow the rapid variations of

the acoustic wave.

According to the theory of Peterlin (1967a), a polymer
composed of many subunits connected as a flexible chain |
exhibits a very broad transition region as the measuring fre- =
guency is increased from below to above the relaxation frequehcy,
He notes that methods of measuring acoustic birefringence up
to that time did not yield phase information. He derivee the
frequency variation for both the amplitude and the phase of
the birefringence for several models of polymer solutions., By
taking measuremeuts over a wide frequency range, some indica-
tion of the molecular structure can be obtaiued as well as the
number of subunits in the chain. The polyethylene glycol
data shown in Tabie 7-1 did not cover sufficiently wide range
to provide much information about its structure, but because
the phase angle'did not change appreciably between the tWo
measuring frequencies, implies'that a fairly large number of
subunits ﬁust be presentf Clearly, a very wide range of

frequencies must be used, perhaps 3 orders of magnitude.
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Solﬁtions of polymers exhibit considerably less birew
fringence than do viscous oils such that attempts at such
measurements over a wide band of frequencies are fraught with
difficulties. At the lower frequencies, the birefringence is
simply too small to be measured. At the higher frequencies;
birefringence measurements are difficult since the high
absorption of sound in the sufficiently concentrated soliitions

. restricts appreciably the fange of intensity in whicﬁ
measurements can be made. An obvious solution is that of
developing even more sensitive measuring instrumentation.

The apparatus described in Chapter V is limited in sensitivity
by the extinction ratio of the polarizing pfisms used and |
methods to increase the extinétion ratio were discussed,
Because the detection regime is quadratic, the extinctioﬁ
ratio must be increased by two ofders of magnitude in order to
obtain one order of magnitude improvement in the sensitivity
and prisms with such high extinction ratio are not available
at present. The technique for accounting for the leakage of
light through the prisms is only an approximation and more
detailéd information must be obtained, such as the source of
the leakage, before a more complete correction methodology
emerges, or a more improved prism design can result. Until
improved sensitivity bécomes available, by whatever meaﬁs,

it may not be possible to obtain details of configuration

and structure of‘molecules fn solution by acbustically

induced birefringence methods.




-115
REFERENCES

Abramovitz, M. and Stegun, I. 1964. National Bureau of
Standards Publication AMS 55, "Handbook of Mathe-
matical functions".

Badoz, J. 1957. Thesis, University of . Paris.

Barnard, J. W., Fry, W. J., Fry, F. J. and Brennan, J.
1956. Arch. Neurol. Psychiat., 75, 15.

Born, M, 1918. Ann. Physik, 55, 177.
Cairns, J. 1961. J. Mol. Biol. 3, 756.

Cerf, R. 1958, J, Phys. Radium, 19, 122: Adv. in Polym.
Science, 1959, 1, 382.

148,

e

Dunn, F. 1958. Am. J. of Phys. Med., 37

Dunn, F. 1965. Acoustic Absorption by Biological Materials.
Proc. Third Symposium Ultrasound in Biology and Medi-
cine, ed. E. Kelley, p. 51.

Frenkel, J. 1944. Acta Physiochim, U.R.S.S,, 19, 51.

Frenkel, J. 1946. Kinetic Theory of Liquids. Oxford:
Clarendon Press, p. 292. '

Fry, W. J. 1958. Use of Intense Ultrasound in Neuro-
logical Research, Am. J. Phys. Med. 37, 143-147.

Hall, L. 1948. Physical Rev. 73, 775.

Hawley, S. A., Macleod, R. M., and Dunn, F. 1963. J.
Acoust. Soc. Am. 35, 1285.

Henrici, P. 1962. "Discrete Variable Methods in Ordinary

-7
Differential Equations,"” New York: McGraw Hill.

Hilyard, N. C., and Jerrard, H. G, 1962. J. Appl. Phys.,
33, 3470.

—rea

Hilyard, N. 1963. Thesis, University cf Southampton.
Jeffery, G. B. 1922. Proc. Roy. Soc. (London), A102, 161.
Jerrard, H. G. 1959. Chem. Revs., 59, 345,

o7

Keffler, A.,, and McLean, D. 1935, J. Soc. Chem. Ind., 54

178T.

7




116

Langevin, P, 1910. Le Radium, 7, 249.

’

Levinthal, C. and Davison, P. F. 1961. J. Mol. Biol., 3,
674. )

Lucas, R. 1939. Rev. Acoust., 8, 121.

7

Macleod, R. 1966. Ph.D, Thesis, University of Illinois.

Nomoto, O., Kishimoto, T. and Ikeda, T. 1952, Bull.
Kobyashi Institute, 2, 72. : :

632 also Kolloid, Z. 1939.

4

Oka, S. 1940. Z. Physik, 116

7

87, 37.

Peterlin, A. 1950. J. Phys. Radium, 11, 45,
Peterlin, A, 1967a. J. Poly. Sci. A., 5, 21.
Raman and Krishnan. 1928. Phil. Mag. 5, 7609.

Raman, C. V. and Nath, N. S. N. 1935, Proc. Indian Acad.
Sci., 2, p. 406.

’

Riley, W. and Klein, R. 1967. J. Acoust. Soc. Amer., 42,
1258.

Riley, W. and Klein, R. 1969. J. Acoust. Soc. Amer., 45,
578.

Rouse, P. E.  1953. J. Chem. Phys. 21, 1272,
Stokes, G. G. 1845. Trans. Cambridge Phil. Soc., 8, 1.

Welkowitz, W. and Fry, W. J. 1956. J. Cell. and Comp.
Physiol., 48, 435,

Yariv, Amnon. Introduction to Optical Electronics. New York:
Holt, Rinehart and Winston, Inc., 1971, p. 273.

Zvetkov, V,, Mindlina, A. and Makarov, G. 1946. Acta
Physio. Chim. U.R.S.S., 21, 135.




117

APPENDIX 1
A FORTRAN LANGUAGE COMPUTER PROGRAM TO EVALUATE

THE ACOUSTIC DIFFRACTION FUNCTION

A complete program for evaluating the components of the
electric vector in the various diffraction orders produced
when light is diffracted by an acoustic wave has been Written
and Was used to produce tables from which the experimental
data could be evaluated. Xlein and Cook (1967) derived a
recurrence relation for the diffraction function

%ﬂz gd (Vl 2&)- (/%’“ (;LM-\)

This relation was treated as a set of coupled, difference

(A1-1)

differential equations and the program described below is a
modification of a method for integrating a differential
equation usiﬁg numerical techniques (Henrici, 1962).

The main program consists of an initialization section,
a modified Hamming predictor-corrector method of integration,
and an output section which also checks the accumulated
error. The information required fo be input has the
following items: NMAX is the maximum number of orders used
during recurrence. All larger orders»afe fheh considered
to be negligible. The use of a small NMAX reduces the
calculation time‘but decreases the acc¢uracy of the results.
For most of the tables given in Appendix 2, the value of

NMAX is 10.
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STEP is the number of steps the progfam should take
when integrating from 0 to %, i.e., the width of the sound
beam. The minimum number of steps is four since the procedure
begins with a Runge-Kutta integration and no error estimate
is available. The number of steps needed is directly felated
to the desired accuracy. This accuracy is written in the
program as 1()"4 but before running the tables, a number was
inserted by hand into the computer to give an accuracy of

10_5. If the accumulated error over all the diffraction

orders exceeds 10_5, then the program will automatically
double the‘number of steps for the integration, put out a
message, and.then beéin the integration procedure over
again. |

ALPHA is the normalized angle of incidence of the
light beam and is given by Klein and Cook as

ol = w(noi<‘smzéQ)/%

where £ is the actual angle of incidence, the geometry

factor Q is given as

L okd

n(, !{i

Q is used as itself in the program,

VMAX is the value of v~ for which the integration is
‘taking place. It is not possible to integrate the Eg. Al-1
and yield as intermediate results values of q? for intermed-
iate values of v°. 1In order to make a table, VMAX is‘entered

and used as the first value for integration. Then, the VMAX
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is stepped in intervals of 0.1 up to the value given by VST,
the last v~ desired in the table.

NDAT is the diffraction order.for which the table is
desired.

The program is liberally commented so that an additiocnal
description will not be given here. The integration proce-
dure is a modified version of subroutine HPCG given in the
IBM 360 computer Scientific Subroutine Package as described

in IBM manual H20-205.
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THE FOLLOWING FROCGRAM EVALUATES THE INTENSITY

OF LIGHT IN VARIOUS DIFFRACTION OKDERS WHEN
LIGHT IS DIFFRACTEDR. BY ULTRASONIC WAVES.

THE FROCEDURE INTEGRATES THE KRECURRENCE RELATION
DEVELOPED BY WeRe KLEIN USING & HAMMING MODIFIED
PREDICTOR~-CORRECTOR METHOD. SINCE THE METHOD

IS NOT SELF STARTING, A RUNGE-KUTTA METHOD
SUGGESTED BY RALSTON IS USED T0 OBTAIN THE FIRST
THREE STEPS AFTER THE INITIAL VALULES ARE

GIVEN. THE HAMMING METHOD IS USED FROM THEN ON.

© 5 % 6 2 8 9 B O 8 O L O 2 S 2 OO DO Y 2B Y S S Y S OBV S YN VO LSOV EL OSSO GO

DOOO00Q0O000000

COMMON PHI s DEKT VsNMAX s ALPHAS €5 UMAX s VACT
DIMENSION FHIC42),DERIVC4AE) S BORK(9, 1)
c |

C OBTAIN THE INTEGHKATION FARAMETEKS.
48 READ (1,126 NMbAXs STEP ALPHA G VMAXSNDAT, VST

106 FORMATC('™NO. OF ORDERS USED = 514/
1'NOs OF STEPS = ', F7.2/'4NCGLE OF INCIDENT LIGHT = °
2:FT7.2/°'6 FACTOk = 'sF7.2/'FIRST V = 'sFT.25/
3'OUTFUT ORDER NOe. = *5145/'5TOF TAELE AT V = *5F7.2)

FHI 1S5 THE CALCULTED FULNCTION VALUE
DERIV IS THE DERIVATIVE AT THAT V
WORK STORES THE VALUES OF PREVIOUS STEFS.
NMAX IS THE MAXIMUNM NUMBER OF DIFFRACTION ORDERS

USED IN THE RECURRENCE FORMULA AND IS = OR < 13
STEP IS THE NG. OF STEPS TO INTEGRATE.
ALPHA IS THE ANGLE THE LICGHT MAKES WITH

THE SOUND BEAM (NORMALIZEDD
G IS THE GEOMETEY FACTOKR FOR THE ZS0UND AND LIGHT.
MEX IS THE ENDFOINT OF THE INTEGRATION.
NDAT IS THE NOe OF THE ORDEK 10 BE OUTFUT.
VWST IS8 THE LAST TAELE ENTRY TO BE OUTPUT.

THE TABLE ALWAYS HAS STEPS OF .1

3(‘7 (/

OO0 O0000C0O0000O000

CONVERT
STEF=. 5/ 8TH
NOr=2=NMAX+ 1

NDIM=2%NOR

FS TO STEPRP SIZE IN UNITS OF Z/ZL.

C:LCLl TE THE SUBSCKIFT FOR THE ORDER TO BE
QUTPUT.

ID=NMAX+ T+NDAT

JD=10D+NOK

c INITIALIZE PHI AT Vs
c .

41 DO 1 I=1,NDIN

1 FHICIY=0.

FHI(NMAX+1)=1,
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C FUT OUT. HEADING.
V= e
CALL RECUR V)
WRITE (12116)
rig FORMAT(/ 4%, "V ', 28X, "REAL '5 12K, "IMAG'/)

[N

BEGIN RUNGE-KUTTA STARTING FROCEDURES.
DO 2 I=1-NDIW

WORK(E, ID=DERIVCID

WORKC1-,I0=PHICD)

® 8 2 0 90 9 ° @B OO0 LG 65 LSO 0O H N 6L L EE DD CO G PO O OO E SO O O PO D

FOURTH ORDER RUNGE-KUTT &

(SN NeReNe N

DO 5¢ J=153
DO 51 I=1,.NDIM
Z=V0RKOI+ 4, 1Y% STEF
WORK(4510=2Z

1 PHICID)=WORKCIsI)+e 4%7

WORK(O4, 1), WORK(E,5 105 WORK(9,1),AND Z
ARE USED AS TEMPORARY STORAGE LOCATIONGS.

OO0 w

Z=V++ L STEF
CALL REGUR (Z)
PO 52 I=1L.NDIM
Z=DERIV(II=STEP
WORK (g, 1)=7
52 PHICII=WORK(J,I)+e 2969776095 WORK(451)+. 15875

\O
[83)
I
o
o8
~

Z=VY+e 45573725 4% STEP
CALL RECUR (Z)
DO 53 I=1,NDIM
Z=STEPSDERIV(ID
WORK(951)=7

53 PHI(I)szRK(J;I)¢e?lﬂiﬁﬁ3 BxWORK( 45 1)~ 3 B3696515
1%WORK(B- 1) +3. 832864 76%

=V BTER
CALL RECUE (Z)
DO 54 I=1sNDI¥
54 FHICI) = h0RK (s 1040 1747 662825 hORK( 45 T2 =2 55148
P LORK (B 1410 CO55G56E#W0RK(Ts 1D 4e 17115478 1%ST
SHDERIVCI)

V=7

CALL RECUR (V)

DO S5 I=1,NDIM

WORKCJ+ 15 TY=FHIC(I)
55 WORKCJ+ 55 1) =DERIVCI)

5é CONTINUE .
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REFINE RUNGE-KUTTA wITH FOURTH ORDER
INTERFOLATION FORMULAZ.
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V=1{ie

DO 3 I=1.NDIM

PHICII=WORK(I, IY+STEP# (- 3T75%bWORK(5, 10+ 7914666667
1%bW0RKCE>I) - ZEEB3BE3EHUORKOT5 124+ 0416666 EET*DERIV(ID D
N=1

- V=y+STEP

CALL RECUE (W)

N=N+ 1

IQ(N 435511511

DO & I=1,NLIM

WORK (N, II=FRICID
WOFRK(N+245, 1)=DERIVCID
IFN-33759511

LO 8 I=15ﬂDIM

PEHICII=WORK(1,I)+. 333333333%5TEP*(RORK(5,13+Z
T+ WORKC 710D
GO TO 4

DO 10 I=1.NDIM-

Z=CWORKCE> I )+ WORKOT51)2%3
PHI(I)=%ORK(1:1)*-U7R»\1EPK(?OKKCRJT)+L* ORK(8512)
co TO 4

RUNGE-KUTTA REFINEMENT DONE. BEGIN HAMMING METHOD.

DO 111 I=1, NDIM
WORK(9, T)=¢
GO TO 14

INTERCHANGE ROWS 10 UFPDATES.
DO 13 J=254

DO 13 I=1NDIWM
WORK(J-1-10=0W0RK(Js 1D
WORKCJ+ 35 10= VO RK(J+4512

COMFUTE FREDICTOR FOR NEXT FHI

DO 15 I=1-NDIM

WORKC 45 ID=FHICI)D

WORK(S, I)=DERIV(I)Y

Y=+ STEF

DO 16 I=1,NDIM

ZoUWORK( 1510+ 1333333335 STEP®( WORK(E,I)#2e = WORK( 721D
1+ RORKC 65 1)%2e ) .

JTOK IS STORED IN ROW 11
FHI.

E"‘
[N -
2(?
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FHIC(1)=7-.925619835%W0KK(9,1)
WORK(9,1)=2Z :

GET DERIVATIVE OF MODIFIED FREDICTOK.

CablL RECUE (\D
COMFUTE THE CORRECTOR»

DO 17 I=1,NDIM
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Z:eI?SV(Q PORK( 45 1) - WORK( 251+ 3- ¥ STEF* (DERI V(I

+WORK(E: 10586 ~ WORKC 751230
WORK ROL 9 WILL NOW HOLD THE DIFFERENCE
BETWEEN THE FREDICTOKR AND THE CORRECTOR.

WORK(9, 1D=W0RK(I5 I3 -7
THE FINaL VALUE OF PHI IS NOW COMPUTEDS

PHICIY=Z4. 5743801653%w0ORK(95 1)

NOW COMPUTE AN ESTIiMATE OF THE TRUNCATION ERROKRe.

CALL RECUR (V)

Z=0e

DO 18 I=1.NDIM
Z=7+A4BSCWORK(951))
Z=Z2/FLOATINDIM)
IF(Z-1.E~4) 95 36530

THE ERFOR IS REASONABLE. IS THE INTEGRATION

i\'\
)

[

IF(V-e 499999) 12,265 20
INTEGRATION FINISHED. OUTFUT TaBLE VALUES.

WRITE (1,128 VACT,FHICIDY»FHICJID)
FORMAOT (F‘é BQ?E’L("‘»E))

1S TABLE FINISHED?

VMAX= W AX e ]
IFCUMAR-VET- 00E1) 41521521
DONE . FUT QUT ERKOR ESTIMATE AND SUM OF THE
DIFFREACTION OKDERS SGCUAREIL

U

WRITE (151255

FINISKHED?

FORMAT (/'THE LOCAL TRUNCATION ERROR IS5 = :“15,4/

'THE SUM OF THE DIFFRACTION OPLV S RCUA\hFD =
CALL IGHCZID

Z= o

DO 22 I=1,N0

J=1+NOK

'2F13.977)




N
N

Z=Z4+PHICIYFHICI)+FHICIISPHICD
Calll, I10H((Z?

FINI

PALSE

GO TO 4@

STEFP=.5%STEF

WRITEC(1, 136>

FORMAT 'k UNSTAELES. HA
GO TO 41

END

=
-

3]
N

=)

'TJ"

wn

IZEe */D
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THE FOLLOWING SUBROUTINE IS USED TO COMFUTE THE

ERIVATIVE OF FHI FOR USE WITH THE HAMMING METHOD
FOR INTEGRATING SIMULTANEOUS DIFFERENTIAL EGUATION Se
ALL NEEDED PARAMETERS ARE FASSED THROUGH COMMON

® ¢ 600 008 0 0P GO P E O GOG L2 EIEOCDE O LD EDE OO DH O S BS L DO OO S L B T E O

- SUBROUTINE RECUR (X
. COMMON FHISDERI VaNMAXS DLP;—{{‘;Q, VM AKX, V
DIMENSION PHIC42),DERIVCLE

BEGIN AT HIGHEST + ORDER.

V= UM AX X%k,

NOKE=2%NMAX+1

EN=NMAX

Z=EN®Qx(EN -2+ %40 PHA)D

IJ=2xNOR

DERIVINORY =~ (VMAXE( PHI(NOK- 1))Y+Z%FHICIJ))
DERIV(IDN == WMAX®C(PHICIJ- 1)) -Z%FHI(NORY)D

-

ECURKRENCE OF INTERMEDIATE OKDERS.

o

BEGIN

I=ND R~

DD 1 KN=1,1

EN=NMAX - KN

Z=EN*G*(EN—2.*ALFHA)

I J=NOR-KN

DFth(IJ)z-Vwai(FnI(TJ 1)- PHI(JJ*
11)>~ *PHICIS+HNGED

TJ=NOR%Z2-KN
DERIVCIJ)=-VMAXR(PHIC(IJ=-1)~-FHI(
113+ 130 +Z%PHICIJ=-NDOR)D

FINISH LAST OmLEne

EN=-NMAX

ZEEN® QN -2 AL FHAD

ITJ=NOR+1
DERIVCI)=WIAXRFHI(E)-Z=FHICL D
DERIV(IJ)—VLAA#Q'I(IJ”l)T/’}HI(l)
RETURN

END
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APPENDIX 2

TABLES OF THE ACOUSTIC DIFFRACTION FUNCTION




NO.
NG
ANGLE OF I
& FACTOR
5T v

OF

OF STE

IS o

w

UEEE
F3 Ao

NCIDENT
- 1825

1

FIR = .
DIFFe ORDER = £
STOF AT V- = G.9
v REAL
« 1020 e 99 TSURBIE+LE
« 200 2 99 GLEBIBSE+GE
e 300 e Q77641470+ ED
o AGE e FEDACATAHE+ QR
e SEE «93851G1 2%
o HLIG « 91266111 9354
o TOE « BRIZT44 axg
Fdorskk UNSTARLE.  HALVE
e QL ALEITIDTES BE
e G OTERLAREL DD
s TES32&15E+E0
e 719768680 E+ED
« 67129158E+ 60
e ECE2B562E+0E
1o 460 e SETERTLBES R
1506 512065860+ 20
Fexeckstek UNSTABLE. HaL VE
1. 6GE « 435581 7T7E+ 86
1e 700 «-39815632E+E0
1e 8GE e RAL1ARDAT 4+ G0
1o 900 e 2B 195 BE3E+ 20
2o DO e P2R99T21EF+EE
2e 161G e 1AGETTESES B
S 200 e 11 EREREIEFLE
20 300 ¢ 55514444F -1
So LG e DA R5654E-EE
2508 ~. 4853367101
Ds 600 = 9TE2TEIRE -1
Ce 700G 0o 142749 47TE+ 0
2 &0 « 185419 C6E+ 60
2.90 e 22473 1A3E+ G0
3 O 0 DAL ;
318 B 3
3e 2 . 326
stk kR TARLE . }4pr?
Fe 306G - 340128 34E+ 00
Re 45 =« 36521598E+0E
R 50F - 38113231E+0G0
3 600G -e 39280CE4E+ L0
S Re TEEH =6 AREIBASHET RO
3 SEE =0 4BRTIZQOE+ER
3. 900 - LLGIREGH4SEEFEE
do QG = 39B4ADBARELD
L. 106 - ASEEESEEES
Lie SBO = 3TTIGRLEGAEY B

e

LIGHT

0
~

n

§

1

i

t

t

Il\'lrl

o TS50 14699~ G4
s 3GE251E56E-03
o 6 TEAGAS LE-G3
« 119194415-G2
s 1841353 8E~£2
2E14TSETE~-G2
s 3S5CESESEE-G

3]

EP SIZE.
e 44T 63TEBE-L2

» 55551 753kE-E2
s 6691228 1E~02
s I8TE6ET915E~22
«9B931329E-02
« 10320772E~01
» 11539731E~G1
» 1272975 4E~11
FF SIi7ZEs.

« 13BTEE24E-E ]
0 14942327501
e 1590549 6E-(1
» 168015078~ 01
« 17552772E-E1
« 18 16/9””““@1

\\1\()\

™0 &0
'>t'31\’\“4

-Jﬁ”‘“{rwwﬂﬁlm’ﬂf
!

-186ﬂ3ﬂ
« 18162261
-174//QA1
» 1659 E538E

BE

u)

i

° 1554401

e 14222530K~

e 12754230~ 1
EP SIZE.

< 111E836EE~-B1
s 92998 TALE - DE
» T3426842E-02
« S253T950E- 02
s 3RSEE233E~E2
« 75875 B5E~63
C1EGAZTTIOE- 2
« 4B132229E~B2
e 64433723E-£2
e G2 6I9C2EIRBE-E2
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- 3623548 e 1126467T6E-C1

-« 3435799 « 1360 35S38E~01

3[9 - 3218275 « 153659582E-01
-6@6 - e 2973664 « 180EE9TEE-G1
TOO - 2THAE 43 . 2OGLESSIE~G1
He 8L  -e24143502E+06 e 218T6GETE-C
4e9GE  ~.C1068536E+00 « 2355061 4E~01
56000 -« 178412675+60 ¢ 25022684E-61
S5¢610F - 145G016TE+E0 C CELTEHE9E-G
56200 ~.11079132E+80 s 27128 2E25E~61
S T -. T46122125E-061 « CBUBTEIBE-G
Se - 41332783E-61 < ORSCAYIGE~]
5. - 6 T3 T1989E~ 02 e CBTIBZRTHEE-L1
5. 272 TIE19F -0 1 e 2R ERET20E~G1
5. s EBASGLTLE- (] « CEEB94LTRE~E1
Se e GEHTASEEE~T] e L TE3GLALE-0 ]
5  123GAATEE+E ¢ 26EE1E225E~-01
60 OF 151897 T0E+C0 « 25446485E- 61
Go 16 -1/8(u3o7t+@@ « £3934024E- 51
£e 2 e CORLTLRIESD ¢ 22154THRE-(1
60300 « 2257 6631E+£ CCU1E24GEE~DY
bo L0 s DASLEDOGE+ O . 178538 63E~01

ok UN G TADLEo HALVE STEE SI1ZE.

L 6. S5O0 262469 TIEFET s 15368373E-21
be 6LT e CTLEBEIIE+ LD s 10688 T4TE-01
6+ 700 s ORTTIS TABF+E0 «9RB9L114E-G2
6o 8GE 0 2959 715345+ B « BBASBEE9E-EE
6900 « 301163948+ 6 s 3T3TEISSE-E2
7000 e 3031766 6E+0E e 54478 TSEE-~G3
716 S BE2C1RASELE0 - ~. ST7R13855E-02
Te 200 00T PECEIEFDG -0 59EBI3RZESE-L2
To CEO141328E+0F0 -0 92228%19E~-02
Te COE1TSBLGE+ER  =. 12431527TE-01
Te CCALYALRBEOESFLEE -~ 1356875%5E-01
Te  OS4SERGREH 00  ~e 185TT433E-01
7 CC3TLGOBIE+H0 e 21449 162E~01
TGO IS TIOEE+GE  ~e 24144575E-61
7900 -19f”1Q?¥F+Q@ e PEGBBTATE-G1
S 0BG SE+ 6 -« CBEBB492E-G1
€ o - 3ORECETEE~T1

- 395925253E~7
- 3399 69¢
kj “'0355775
g ~e 358194
S e - ~e 36242695E-01
He - ~e 35911040E-G1
- - 35214520E~01
- -« 34155818E-¢1
-0 1163 73A15+@@ ~e 32741333E~81
~e 1239 33G54FE+00 -« 30951218E-01
~  1E6066TITEXRE =« CQEE9302E-F1
—  1BE19679E+ 06  ~« 0C4B2956E~G1
~e 197743508+ 00 -« 23782975E~G1
~e21315651E+08 -.C0813415E-41
~ W CDERBAIOEFBE =~ 1 TE01336E~01
~ ORTETIGEE+DE =« 1417T660TE~E1
~ e DASBYTRBEF G —. 1GST1I9562E-01



NO. OF ORDERS USED = 18

NO. OF STEFS =
ANGLE OF INCIDE
¢ FACTOR = «1825
FIRST V = .1
DIFF. ORDER = 1

STOP AT Vv =

v REAL

49862 454K -1

o 150G @
e P0E - 993L4404E~F]
° 30 ~e 148 11845E+88
e 401D =~ 195 T7&T30E4L £
o BOIG = 24195 TLEESD
o AT = OB E34DHBE+ C
o TRE - 32T EGERBEHEL
wxnsck UNSTARLE. - HALVE
e B0 —e 3ERAPDEZEFEE
CORG -8 405D 1958E4+ 20
1 B0GE -« 439619 16E+0E
1 160 =& 7E48213E+60
1. 200 =~ 49789828 LFTQG
1. 300 ~o«52166409E+E0
1. 406 =+ 54163842E+00
1. 586 e 557689 4BE4EQ

sk ok sk sfe ok LV“TA 1L Ee  HALVE
~e 5£9T2134E+068
e 5TTETISCEE+LE
-« 58 152130E+EH
-oﬁﬁlzéﬂl? + o
L, FEILTEIE+BE
686?357FTD@
S6413C1E+06
Zﬂé WS EGETEE
- 520R TATHES RE
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0 4T1T362BE+LE
o LADERLBEEFDE
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Le 300
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4e 566
de 600G
Lo TGE
4o BCH
4o 9GE
Se Gifi{
S 10
S5e 266G
S-SFF
Se 47

5¢5M
5»(

SeShQ

5.900
6o LG
66 160
60 200
£ 320

&o LG

e 1713858 1E+G0
s 2RZLECEEES UG
e 23095463E+ 0T
256668 43E+ 66
27942 7T18E+ 00
ES9LEIESEFGE
31551265E+00E
IEBELEDLET EE
33BLGTIHEE+LE
3L44TEREEE+EE

34TTI2552E+ 26
3473218 9E+ 40
343612158+ 0¢
e 3BEER AT TE+ GE
JZE6D6TLET LR
31 BEET9BE+EE
a??/””? SE+GE
e279c‘r gt‘_+r'>0
« 258 TERIBE+ (G0
e 230TIRER

°

®

L

e

£

-

.

L]

L

o

26345647E-61
261249 12E-01
20604261 E-61
24785 729E-@1
Z23ETATICE- B
2229929k -61
2U613376E~-81
1869 G2GEE~@1
1625285606E~-81
14149 468E-91
11576551E~61
Ee358427E~82
59554988E~-£2
CO6550R9E-G2
16261551E~-03
32161659E~-02
£3415921E-02
SLLLZTRTE~B2
124918528-¢1
15448652E-01
18820 11E-01
20959658 E-61

130




NO. OF Ok

DE®S USED = 1

NO. OF STEFS = 4.

ANGLE OF
€ FACTOR
FIRST V =
DIFF. ORDE
STOP AT v
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APPENDIX 3
THE THEORY OF THE FRACTIONAL WAVEPLATE

(A ROTARY MICA COMPENSATOR)

The fractional waveplate consists of a thin sheet of
micé oriented with its optical axis perpendicular with the
plane of the sheet. Consider a system with only a polarizer,
an analyzer, and the wave plate. If the electric vector is
horizontal and the fast axis of the wave plate makes an
angle with the horizontal E}, fhen the electric vector just
before arriving at the waveplaté has components

= » EW‘ ces 8 s wt

#

£
Eg = &=.nv S & sipvwt

where Ef‘is the component of the electric vector in the fast
axis direcfion and Es is the component of the electric vec-
tof in the sléw axis direction. After leaving‘the'Wave
pléte the electric vector =4 is phase shifted 4; so that
(Fig. 1) | o |

Eg= Eiv cos & Suw Cctrdr)

Es = AL.E,sJ sin O S/M"tu'z‘f)

where J}.is the maximum retardation of the waveplate. The

vectors are now decomposed into x and y components

T
ES}( = EIN S é) S ‘-’U—}'\

ES:') =~ _ €. SvE cos B s M w h
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-Figure 1.

()

Yz _
Vector diagram for (a), the light vectors, just
before entering the wave plate, (b) the light
vectors just before sample chamber, and (c¢) vec-
tor decomposition of the light veclors just before
sample chamber, -
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A Eg’xc En cos” © s (whe+ Cfr)

Es—y‘«“ Ew cos © sw & s (wiy fr)

" The vector sum of the y components. is

Ey = S MW B cos &) [ S (U‘)-&"%'drr )~ S{A)Lu’é j

PR

€
- _5_ siv 28 sinv (w‘ff%-/éf') V2-2cos S,

with the x components being canceled by the analyzer. The

current in the photomultiplier is

c': é.‘?t’)” sint 26 (/~ cos_cf, ) /2.

To obtéin the value of the maximﬁm.retardatiOn of the
twentieth wave plate at the laser wave length, a calibration
was_performed. Using a polarizei and énalyéer combina~.
tion, the laser intensity is calibrated by rotafing the
analyzer from null and recording the photomultiplier current
as a function of angle. Since the intensity of light leaving
the analyzer prism is proportionél to sin2 ® where & is
the angle of rotation of the analyzer, the maximum current,
is then calculated. With the analyzer sef for extinc-

i909'
tion, the wave plate is inserted between the prisms and the
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position for null obtained. The wave plate is rotated and
the photomultiplier current measured as a function of angle.

Then the retardation is found from

Z
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