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OBJECTIVE OF CONTRACT

Tha ob’omive of this contract is to demonstrate the feasibility ]
of developing a new class of microwave waveguide phase
shifters base’ on the operating concept ol ¢icctronically con-
trollable liquid artificial dielcetrics. The study is to bo
direcied toward anadog, reciproces! devices that are simple
in construction, can be produced al low cost in small guan-
tities, can handle high power levels, and have an inscrtion
loss of less than 2 dB for 360° phase shift. The phase
shifters are to operate at S=-band frequencies, handle peak
power levels of greater than 1, 26 megawaits, and an aver-
age power level of up to 3 kilowatts, An cssontial factor

in the program is a chemical/physical struc’ ire study of
dielectric materials thul represents the bes  trade-off in
terms of performance and reproducibility,
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ABSTRACT

This report describes the work done th prove the feastbility of developing a new class
of m'orowave phase shiffers based on the concept of clectrically costrollable liguid
artificial dtelectrics using metallic suspeasion. Th: theory of operation shows

the explicit relationship between material parameters and device performance
characteristics, A new electrode design configuration is described that reduces
insertion loss characteristics. Results show that particle agitation is nol required.
Teost duta of metallic suspensions, liquid crysials, and certain proieins are given,
Test duta are given for insertion loss characteristics, VSWR, and phase shift as a
function of applied voltage over tie band of frequencies from 2,7 to 2.9 GHz,

The prospoects for new materi1l compositions are discussed as well as their relative
merits. Recommendations are made for further studies., Important new findings
on particle agitation and the use of surfactanis amending previously held bollefs

are documentod,
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Projuct No,: 217071377 /45004179) 1
Contract llo.: r30602-73--1325

Fffort Title: Yarfable Per~ittivity Liquid Plase Shifters
Contractor: Ceoneral dynantes, LClectronlen Dvi-slon,

Sau fcpo, CA 22133

1. 7The purnosc of thin cffork wvas to determine the feusibhility
of developing a reciproecal, lifgh pover, lfiguid diclectrie,
analos phase ashifter for aperatfon in the %-band recion of 1
the nlecrorrave spectrum. Mg Ldentiffed fn the RADC Technology :
Plan (TP0-3), these nmodervate-to- hiph pover electronically ;
controlled pirase shifters are currently noeded to provide the ;
necussary phasc increnents to achfcve a polarfration diversity i
capability fn an exinting air traffic control systes and in

a rlaaned aireport surveillance radar, the A/GPH-12 and ~12A,
respectively.,

3
2. The effort has advinced the Lnovledze, desipgn, synthoesis !
and functional eperation of A nev ¢lass of reciprocal ntero- ’
vave ghase siuifter., In agddition, the nrosran has contributed
to a4 loag-terr overall ovjective to Jevelonp and annly the
tecinolopy mecessary to svathesize any oractical liruid di~-
cleetrie nedior featuring clectronically controlled pernfittivity
foar uoe in lov cost, larre vanduidthh phase zhwiftiar conffpurations
at Loth low and high power levels at anv nicrovave frequency.

J. The feasibility of the arproach vas ennsirically shova in

nogt natczr poal arcas except tnat of phase-set response tiwme,

A newly developed theory, vergif{lad by preliminary ncasurements,
arnadicts that this problem can be solved. Since this and other
portfivent ={crovave characteristics were aot 1esolved ov
ascertained durfny cthe course of this ~ro-~rarm, a follow-on cffort
{11 be necesnary in ovder to doetcrmafnne all the attributes of
this potentially pronistag, phasn ahifting technique. The con-
tinuation of this rro:rap not ouly offers a possible solution to
the high pover variavle vhaser dilenwa, bSut could forn tha haslis
for 3 wide raaze of desfigns and transaission line appllications
which uvould be sfaple {0 construction and low cost in both small
and larpe aquentity proeductioas. Successful conpletfon of these
efforts vould advance uysten capabilities {n the arecas of long
ranre detection, survesliance aad ground control in’orcept svstems,
veatheor detcction and nenctratlion aid radars, afr trafffc control
arnd navipational radar =ystaens,
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Projec: Engineer
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L INTRODUCTION

Phase shifters cagable of operating at very high power levels with low insertion loss
characteristics and providing reciprocal, analog operation at low cost are currently
mecded for uge on a variety of medium, long range, and other surveillance radars
to satisfy such requirements as:

e Warning and Control
& Anti-S8ubmarine Warfare

" ¢ Reconnaissance

| | ¢ Metcorological

\ They are necded to provide the capability to operste these radars with polarization

k, agility. In additiun, high power phase shiftera are required for new, cost-effective

' antenna systems that will be based on the limited-scan concept in which large

L. rel..ctors utilize high power array feeds capable of amplitude and phase control at

- each feed clement thereby providing considerably extended clectronic scanning over
that available with phuse control only and at high power levels,

At present, two primary types of phase shifiers exist — the PIN diode and the Ferrite
phase shifters. Nceither the dinde nor the ferrite phase shifter have attained very high
peak and average power handling capability.

The results presented in this report are based on work which deliberately bypassed
conventional phase shifter technology. The areas of clectro-oplics, plasma-
physics, and physical chemistry were searched for physical phenomona that might
' be used a4 operating principles for a new microwave phage shifter. The most
promizing approach was synthesized [rom vwork done in cach of these disciplince. 4

The result of this work s an clectrieally controllable artificial dielectric material
comprised ol metallic particles suspeaded in o suitable liquid with the suspension
exhibiting controllable anisotropy. Variable phase shift is realized by {nscrting

this liguid diclectric in the signal path be (1t a waveguide or a dielectiric lens. Since
propagation velocelty in diclectrics 18 inve rsely proportional to the dielectric constant,
changing the effective dieloctric constant changes the apparent path length. The
permittivity is controlled by applying a low Irequeney, variable Intensity electric
field.




This repert deacribes the S-band study of the ne v phasce shifter teochnijue o prove
feasibility of the principlc of aperation, the spectlic approach clnsen, and finally
the device itself,

The work carried out on this program and covered in this report was concentrated
in five areas,

Analytical studies of phase shifter coll design and establishing the theoretical
Lhackground for determining the relationship between certaln device
spureitications and materisl parameters. For example response time as

a function of particle size and applied (ield.

Electrode design and climinating poseible moding problems,

Development of a suitable pumping scheme tn prevent pacticle settling.
The results obtained are 2 breakthrough in the scense that il was po: sible
to zhow that pumping (s not il ull desired thereby signifieantly extending
operational know-how of this new phasc shifter technique,

Material and material propeities, among them metallic suspensions,
liguid crystals, and also proteins,

Testing the cxperimental model built at fow aned high power levels, All
of the theoretical ard experfmaatal explorition of phase shifter performance
parameters are documented in this report by comprehensive data curves.




2. THEORETICAL. CONSIDERATIONS

2.1 PHYSICAL CONSIDERATIONS

When dielectric materisls with electronically variable anistropic permittivity are
inserted in a microwave signal path, the propagation velocity of the microwave signal
Is slectronicaliy controlled. Hence, a phuer shift or phase delay is observed. The
dielectric medium may contaln conductive particles suspended in a dispersion.
Without an extermal forge, the partivles exhibit a random orientation due to the
agitation of the Brownian movement or therms! motion that normally renders the
medium isotropic. When an elsctric field E is applied to the modium, the particies
polarize and tond to aiign their longest axis with the applied fleld. The medium be-
comes anisctropic and the Korr offent is vheerved.(1)® The degree of statistical
alignment and, therefore, the change in permittivily Ie related to the sirengih of the
covirol field. The dielectric material displays an electronically variabie satstropic
permittivity., An anisotropic diclectric i3 a nonconducting medium whose preperiies
ave different in different directions.

2.2 KERR EFFECT

The Kerr effect was first observed with experiments on the optical properties of a
medium that was in an appiied electric field. The Kerr cell, shown in Figure 2-1
fllustrates the phenomenon. When linesrly polarized light enters a siab of materisl
that has an appited fleld E. the altered refractive index of the medium caused by the
applied fleid will result in an elliptically polsrized light beam leaving the cell. The
veclor of the incident light Ej. may be resolved into two components, one parallel
to the direction of the appiied electric ficld, E., and the other perpendicular to the
direction of the applied electric field, E;. Under the influence of the external fleld
the medium will have refractive indexes (n > n; ) that are dificrent for each compo-
pent. Hence, the two comporants will traverse the medium at different velocities
and eme rp:e out of phase.

Without an applied electric ficld the particles are oriented £t randoin. The applied
electric field produces * non-statistical oricitation so that the anisotropic properties
of the medium are observed. The partllel snd perpendicular indices of refraction are
reiated to the applied field ¥ by

an = “u"".n ® KnEz -1

*All references are gatherced in Section 10,
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Figure 2-1, Kerr Effect

where n is the mean refractive index, K is a material dependeit constant and n, >0y
represent the parallel and perpendicular components of the refractive indices respec-
tively. Tables of values for the material constant K at oplical frequencles are given
in Reference 1.

The mean refractive index, n, is related to the material permittivity ¢ and the mate~
rials permeability, p, by the Maxwell relatioa,

1/2
n = ((u/t“uo) 2-3)

where ¢ Is the permittivity of free space (8. 854 x 10-18 coulz/n-mz) and u, e the

pereabllity of Iree space. The phasc velocity 'p of a light beam passing through the
medium with pe rmittivity ¢ becomea

vpu c/a 2-3

where c is the speed of light. Hence, phase velocity is inversely proportional to the
square root of the jermittivity of the material. From this point ¢ will refer to the
relative permittivity, €/¢,.




The optical path length of the Kerr cell ghown in Figure 2-1 for the parallel compo-
nont of the light beam (s

3 -t}
Nif L nujxo (2-¢

where N is the number of wavelengths of light in the ce!l of length L, nj:is the
parsilel light component index of refraction, and A , is the wavelength «f light in a
vacuum.?! Simitarl y, We equation for the perpendicular component,

N =L n‘l/&o e-5)

From emmtions 2-4 and 2-5, the optica! path length difference ¢ expressed in radisns,
becomes

$ = 20@ -K)

- 2L on/A° 2-6)

2

where An = nr -n - Knk
1

The {ollowing snalogy can be made for the variable permittivity phase shifter cell that
operatcs in the microwave frequency spectrum. Equation 2-1 remains valid since it
is independent of the wavelength of any signal passing through the medium. Equations
2-2 and 2-3 apply to propagation of electromagnetic waves at any frequency, The
number of wavelengihs N in a phase shifter cell of length L is

N = L/ @c-7)
where A ia the wavelength of the microwave signal in the medium. 1n terms of the

wavelength of the microwave signal in free space A, the wavelength In the medium is
reduced by the index of refraction n where

A s A./n (2-8)

Bubstituting equation 2-8 into 2-7, the nwaber of wavelengths In the phaser cell for
the parnlicl and perpendicular directions in terma of the {ree space electromagnotic
wavelength becomes

N!l = L"&/A. Q-9




and

N = Ln /A' 2-19)

The microwave phase delay In degrees is

¢ = 360° LM. @2-11)
or

r

A = 360° t,xns'/A’ @-12)

The Kerr constant K in equation 2-12 needs to be evaluated for the artificial dislectric
material in the microwave frequency reglon,

in the microwave region, it is prefernble to use the dielectric constant rther than the
index of refvaction in equation 2-12. The dlelectric constant can be related to the
index of refraction using equation 2-2 und the fact that p = p , tor the systems under
consideration.

Thus, n = ¢ and we find that An ~ (1/2n) Ac = Ae/2 Jc .

The microwave phase delay of equation 2-11 can thus be rewrliton in terms of the
change in the paralle! and perpendicular components of the diclectric constant &« as

L A¢ L 2
‘ = 3.00_... —— 3w —— KJ'¢ E a-la,
.\. 2 /e A‘

1t is useful to define a specific Kerr constant Ky, If the dielectric {s constructed by
suspenciag one substance in another. The specific Kerr constant may be defined as

KeC K
v s

where C is the volume fraction of the suspended component. This relation indicates
that at reiatively low particle densitics ihe effect of adding more particles to the
fluld lincarly increases the Kerr constant. The quantity d ¢ will be analyzed In more
detail keeping in mind that equation 2-13 converts the &¢ informatiun readily Into
phase shift information,




2.3 ARTIFICIAL. DIELECTRIC

The dieleciric material used in the liquid phase shifter cell has conductive particies
suspondcd in a disversion medivm, The mixture {8 called an artificial dielectric
because it is an heterageneous mixture of microscopic particies rather than an
assembly of (ree atoms or molecules. In general, an artificial dielectric exhibits
magnetic dipole polarization as well as electric dipole polarization. Since the dipole
polarization varies for differemt directions in the applied electric field, the artificial
dielectric demonstrates anisotropic properties. The combined effect of nll the
particles in the diclectric under the influence of an external electric ficld is to
produce o net average dipole polarization. The net effect of the particle dipole mo-~
ments in the medium may be evaluated by elther the clsssical Lorentz theovy of real
dielectrics or with Maxwell's equations, 3

U the conducting particles are asymmetric and are free to rotate in the dispersion
medium, the orientational polarization can be controlled by an applied clectric field,
and & variable permittivity liguid dielectric results. The present research effort
investigates n microwave artificial tHiguid diclectric material that conslists of an

inert solvent and a high density suspension of minute, asymmetric conducting plate-
lets. ‘The variable phase delay properties of the artificial diclectric are attributed to
the asymmetry of the individual pariicles, Under zero clectric ficld, the particles
are randomly orientcd and are in constant thermal motion, When a~ eleetric ficld is
applicd to the medium. the surface charges on the individunl particles rearrange (po-
larize) in xuch o way thut they become minute eleetric dipoles. On the averzge, the
particies cxperience an aligning torque and will position their long axces with the ap-
plicd ficld lines. The permittivity alorg the ficld direction varies ns a function of the
particle alignment. Hence, a microwave signal propagating through the medium with
its clectric fieid vector parallel to the bias field vector experiences & phase delay that
is a function of the bias field strength.

T™he elecirons In the asymmetrical conducting particies are isolated on each platelet
g0 that the only electron motion possible In the presence of an applied fleld is a dis-
placement of the pocitive and negntive charges of the particles in opposite directions,
Once this charge separation occurs, the particles are polarized and posscss an in-
duced dipnle moment. These dipoles a. o group produce their own field. On a
molecular scale, the ficlds of the Individual dipnles are analyzed. On the other hand,
& macrorcopic analysis constders the average {ields produced by a large number of
particles (dipoles), The arttficial dielectric will be analy*~d from the macroscopic
point of vicw. This sappreach is justificd provided that the Jdistance between the dipoles
is greater than the dimensions of the dipole so that there are no interactions between

dipoles.
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2.4 THE KERR EFFECT OF METALLIC SUSPENSIONS

2.4.1 KERR EFFECT MAGNITUDE

O'Xonskt () has considered the theory of electric ficld induced orientation of metallle
suspensions. Until this work no data has been avallable for the testing of O'Konski's
theory, which {s now cutlined hare.

In th!s treatment it will be assumed that the metallic particles In suspension will be
cllipsolds of revolution with two characteristic lengths a and b, with a equal to the
symmetry axis. Flgure 2-2 shows the iwo possible conflgurations which are oblate
a<b, and prolate b< a spheroids. Oblate spherolds are approximations to disk-ilke
particles and prolate spherolds ave approximations for needle-iike particles. Let

@ be the angle of the symmetry axis, a, with the direction of some externally applied
blas fleld E, as shown in Figure 2-3. 11 Cy Is the volume fraction, Cy = V2/(Vy *+ V3)
of the mctal particles of volume Va suspended in the dispersion medium of volume vy,
and & ig the oricntation angle and gy an optical anistropy factor, then tiw hirefringence
An can be written as:

c
v
an = — «, - zb)*(ﬂ) 2-14)

where $(0) is the Induced oricntation factor given by

| 4
00) = [ 19y (3cos® 9 - 1) 27 stn (0) a0 @2-15)
0

Figure 2-2. Views of Prolate and Oblate Spheroids
8
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Figure 2-3. Oriemtation Angles for Ellipsoids tn a Blas Field

The function 1{#) is the probability per unlt solid angle of Tinding the symmetry axis
divection with angle &, Using the Bdtzman statistical mechanical methewd this functic.
depends on the energy of o particle, W,

W/ T Y wWALT
f(e) - ¢ ¢ 27 gin (4) 49 2-16)

0
where kg s e BBltzman constant and T the absolute temperitore in Kelvi,.,

Muavell bas calculoted the anistrops factor (gg - gy,) for ellips s which huve three
principr onments of aefvaction along the svimmetry axes:

2 2
. n~-n
g o 4 , forj~a, b andec 2-17)
) LN 01)2/'\2 - 1) Aj

This thesry ap pites o b rsing bt enteds with depalarization ratie Aj aloeng the
axis ) of 1 ctiipsoid 30 0 medium of index of refeaction n,

The depolarication ratlo \) is caloulated vsing the infegral for goneral clliproids
where jruns over the avwew a, b, and ¢

A - [ o Pbes (@-1%)
) 2 2 2 2 12
o 20 ) j rs¥h ) (e *s))




Thus the function In equation 2-17 takes account of the two important asymmetry
elfects for ellipsnids. One I8 the purely geometrical anisotrrpy accounted for by the
A) term and the other 18 the anfsotropy due o the dilferent principal momenta of
induced polarization accounted for by the nj Wwem,

The total energy W of a partivle can be divided into two parts, W = U + V, the one
part, V, Is the enorgy of the particle not due to its orientation. The other purt, U,
is that due to the cncrgy of nrientation in the external bias ficld. ‘This energy can be
written down by assuming that the field E induces a dipole momant o1 the spherold
with orientation 0, This energy is given by

U = -;— (u. -ah) !’2 coozl 2-19

where o is the polarizabllity along the j-symmetry axis, and F Is the fleld expe-
rienced by the particle in the interior of the dielectric. This field for low particle
densities is F = E (¢ #2)/3. Sec Bittcher, reference 5.

For metallic ellipsoids suspended (n an insulating medium, ~»xpressions can be ob-
tained for oy and B which deperd only o the shape and size of the paiticles. This can
be done using thc {vilowing equaiion for the excess polarizability along she jth xxis,

€, -«
o = ...v_.. _.._.._’._.._ N a_.zo)

} 4r (t’
ra ) A,

where v represents the volume of the particle, ¢ is the dielectric constant nf the me-
dium, and ¢, refers to the principal moment diclectric constants of the particle, The
Maxwell relation ¢ = ¢ relates the index of refraction to the dielectric constant, For
conducting particles in the range of frequencies below the optical region, €. As
a resull, the difference of the excess polarizabilities (g - o) can be writtent)

ve 1 1 )
a-a = — [— - —L 2-21)
e Y 4r (A. Ab
Similarly the anisotropy factor ecomen
€ ) 1
€ -5) - o (—— - -—-). @-22)
2 f ir A‘ Ab
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Using equatlon 2-14, the change in dieleriric constant Is written as

= 2C (g - 4 (0 Y-
Y szﬂ g,”) ") (2-2.1}

For fields E, which ure small compared o kT, that is under hose ciseumstances in
which the fiekd does not porturh the configurational eneryy W, the change By dicleotric
constant cun I caleulided by

L ¥e (31 zc 2 is::lf @2-2h)
o \A A v G 9k.T ' e
a b B

This equation applics in the limit of low C, when the concantration Af parideles is
amall, Inthis cuse, a specufic Kerr constant can be derived that depends only on the
geometrical progeerties of the particles, or

2
+2 2
Kyp ™ TG EF T (-2
v LY
where
1 X
Q - (_ - ~~——) (2-26)
A A
~ b
Thus the chanpe in giclect e coastant iy
2
& -~ € K b, {2-27)
v mp
Up to this point 3¢ has been defined as ¢ -5 where the agdperipts rofer to arterty.

tions parallel and povgondiontar o the applied Gebd. To the phase wWiflo e aroans oot
where the electrmagnette field is ina T pp ek the chnnge ol dielectr e eoretare

ig referred tn &' - ¢ -,

At thig pobnt the vatue of this theary can be founed by dbplavieg the b ortanee of
varlous porameters of the avatem in obtaiodeg Tnroe pdorse ebdfta, The parsmet g
of most hinportance ave the oovding opsity or vadume fraetea of the pyiueles ¥y
the vatume of the ndis idual corticles . o aned the shape parie, & @/h), Tet

Q- (l/x\‘,' - ‘/-‘\,,I It o abled the 2hagpe fae oo I torns gt that Ay v 2y boao thge
G enn be rowriben I terms of Ay, ol
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3A -1

o e (2-28)
Ah (1~ u\h)
Figure 2-4 shows the functional depecdence of Ay nnd Ay on 8, tho shape ratio, When
a=b, ord =1, Ay » Ay = 1/3. The reglons to the right of this paint correspond to
needle-like particies white tism left reginn corresponds to disc-like particles. FPigury
2.0 shows . and Ay over the disc reglon on an expanded scale. Next, the important
funcilon Q is shown (Figure 2-6) caleulated from & = 0 to 2. 1t can be scen that Q
dnes not strongly depend on & until the shape mtlo is legs than 3,2, corresponding to

ath = 1:5, The cnmlnl dependence of Kgp on Q- seen (n equation 2-25, is emphas!zed
hy the plot of Q“ ve 4 in Flgure 2-7, chcc. the cifective shape ratios for phase
shifting occur »aly for values of 8 < .05 or a:h = 1:20.

The conciuslon from examining the parsmeter &, (o that the shape ratio is an extremely
important function in deicrmining phase <hifting charncleristics.

Uniortunalely, the volume of the particics enters as a linear parameter in equaticn
2-25 ao lavger partieles are preferred (or good phase snifting characteristics, Thie
cffect ix hmporant singe (ast respanse times reqrire simall particles while large
particle sizes tend to give large phase shifts. To an extent, the factor f v In equation

1.8
.9 {
. 8} 4
.7} 4
.68 4
'\; -
~N
'L‘, / ‘
3
.2‘ 4
A.
'» \
) . T e
a 2 . 6 i i
e é

Figure 2-4. Depolarization Ratin Dependence (A) on Shane Ratlo {6)
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Figure 2-5. Depolariratior. Retio Deperndence (A) on Shepe Ratio (0)
in the Disc-Like Region
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Figure 2-6. Anisotropy Shape Factor @) Dependence on Shape Ratio (3%
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Figure 2-7. Square of Shape Factor (Q) Dependence on Shape Ratio (8)

2-25 can be offset by ! .creasing the loading density of the particles which considerably
mitigates the problem. Due to the polyvdisperstiy of particle shapes and sizes, this
cffect hay not vet been evaluated experimentally. A this point the product of vCy
whick oceurs In the change of dielectric constant expression 2-24 can be asaumed
adjustable for maxtmum effect at low loading densities.

Two additional proble:ag which constider the magnitudes of the expected Kerr effect
vith meiz! partcles include possible saturation and sample polydispersity. Saturetion
eliecis are sbserved wher the Rerr effect is no longer propartional to E2. Polydis-
prrsity is caused by a variety of size and shape purticles tn the medium.

2.4.1.1  HIGH FIELD CASF -~ In obtaining cquation 2-24 from 2-23, the integrals
In the expression for % (equation 2-1.5) were evabmted by assuming that U/kpT was
amall compared to 1, thus the exponentials were expanded in powers of K2 using the
orientational energy function in eqution 2-19. i {t is ro loager possible to ignore the
gross orienting effect »f the bias field an the inctal particles, these Integrals must be
cvaluated numertcally. If a function v is defined as

14




@ —ab)
a 2 .
Yy = [- "(2-——-k TT] L 1 a 2”

then & can be calculated as a function of Y. This function (s plotied for values of

¥ = 0to 25 in Figure 2-8. The linesr reglon for Y = 0 to 5 corresponds to the region
of valldity of equation 2-27, while for Y > 5 saiuration effects begin to become im-
portant, The function ¥ can be rewritten as

V(Q 2
Yu’—"k?l: 2-30)

Thus, saturation effocts become important when the particle size, the shape function
Q). or the ratio 82/\(31‘ gets too large. During this contract period consequetces of
saturation and polyvdispersity bave been observed. However, the effcets have not been
investigaied In dopth,

2.4.1.2 POLYDISPERSITY AND THRESHOLD EFFECTS — Because of the systems
used In this study, the problems of particle polydispersity are particulzrly tmportant
because the aluminiin and magnesium parlicles used were nol the same size and
shape. The theory so far prerented assumes that the particles are all of the same

.8 Y>0 '

Y<0

R4

.
Figure 2-8. Dependence of Orlenstion Factor (B on Boltzman Factor (7)
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size and shape.  The cffect of polydispe rsity ean be accounted Inr by defintng an
average specific Kere constant Fﬁp by using a shape and size distribution function,
(0, 8). This distribution Turction gives the probability of (inding a particle in the skze
range £ to { + dl and of shape ratio 8 to 8 + db. The average specific Kerr constant
is defined as:

K =« /K (1,8 1¢,8) dt -
Km I .p( y 14e,8) dt &b @-31)

For relatively sharp distributions of (({, 8) around come value of ¢, 8, equation 2-27
can be used elfectively, llowever, If the distribuiion 4 is not sharp, then the threshold
clfects become very important, If the particle size and shape distribution is very
hroad and unsymmetrical then the behavior of Ky at threrhold depends very strongly
on the applied voltage. Apparently at low ficld stiengths the toeque applicd by tho bias
ficld to the particle must overcome an enscrgy harrier to rolation.  Frenkel has ox-
amined theories of viscosity which may account for this observation. (6)

Equation 2-24 cnn be rewrilten In terms of the shape function Q as ¢quation 2-32a
which upon rearrangement viclds equation 2-32b,

Ac = Ve e 2 2 5?_ C 329
Y (“T) CNGT) 2-32a)
Ar "40!
(2] -
(r. /X '!‘)

The function on the left (1o be called Z) i3 useful (0 indlcate the applicability of the
theory being used. Figure 2-9 shows a plot of ~

2
2z f.“" )( 3 ) 5( 2-33)

(2 . €2
(BT

"

versus C,. for several appliced hl:\s voltages using Silbe vline "AA” aluminum in CCly.
A line of cnnbmm slope m - vQ2 should be obtained.  This juiction might be called the
ctlective specific Kerr constant.  In fact, severdd lirey of eonstnn t slope are obtained
frlicating less and less slope for higher voltaacs, U the shape fictor Q% is assumed
to be constant fog the different particle sizes, then the conclusicn that must be reached
is that the avervse effective volume of the particles merat decreiise with increase of
anplited ficld.  This I8 just the expected esuit if we asverme that applicd field strength
Eap only affects those particles arge enough such that the applicd ficld cnergy s
Larger than the barrier to rotation,
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Figure 2-9, LEffcctive Specific Kerr Constant Against Volume Fraction
of Second Component

This conclusion shows the (remendous importance in the future for fully Investigating
the effects of size and shape on the phase shifting ability of fluids. Ultimately, it
apens up the possibility of constructing suspension dielectries with designed particle
distributions to achieve fast response timee and large stable phase shilz,

2.4.1.3  TEMPERATURE AS A PARAMETER — The temperature of the sample
aflocts its plase «hilt abitity by changing 3¢ in two ways. The first !8 the svious
functionnl dependence of Ky, in the nepative first power of T, By using abserved
vatues for metallic suspensions we can obtain the expectod tempernture coefficient of
phase shift as follows:

DA€
aT

A 2 1 2 -1
L emaam Y > o S o e * B t om— € -
i ) O TK_C 2 a @2-34)

For n charge In dicteetric constant of 0.7, which is oflen ohserved at 300 °K,
d8¢/AT - - ,002,

Using crquations 225 and 2-27 the change in plinse shift per degree K can be written

de L .
3 A (2-33)

for 360" phase shilt at 300" K this corvesponds 10 a temperature coeflicient of
~=1-2°/"K which is in good agreement with that observed by Buscher (972). (V)
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2.4.2 RESPONSE TIME AND RELAXATION PHENOQMENA

The theory of the response of metal suspension artificial diclectrics to a polarizing
ficld has been constdered by numerous authors amd reviewed oxtanstvely by O'Konskl )
(1972). As poted in 2.4, 1, thes: thooricr primarily consider monndisperse suspen-
sions, that is, suspeasions of onc size and shupe, whereas the systoms heing used

{n this study are polydisperse, Thus we fecel that al present only the qualitative
results from the theory can be userd 2s a gulde to the properties of our gystoms.

A particle in the redium experiences several torques over a period of time, There s
an orlenting torqque due fo the blas electric field and Brownfan motion fTuctuations
which cause random uncorrelated, instantanevus changes in the orientation, Finally
the medium produces friction when the particle mtates in it. The differential equation
of the orfentation function £(7) as a function of time can then be writton (8 9.

votey o o [, 0200, M i
£ o = sino an["" [~ 5 ur”a'"} @-36)

winere # is the angle of the symmetry axly uith the applicd fleld and M is the magnitude
of the torque of the applicd fleld. “fhe (rictional logses of rotatior. arv conlained in the
rotational diffusion constant =, This equation assumes that inertial terms are not
present since the epergy of potition is small eompared (o the Brawni»n motion impact
enregies. This equation thus cannot predict any mvershoot of the phase shift,

For a given amount of diclectric constant change A¢', at some ficld strength, the
solution to 2-36 gives this simpie cxponential law:

acm | Vr )
ac't0) - ° @-3m
r'-'—;ﬂ

whore the relaxation time is 7. (Benoit 1951; O'Konskl and Zimm 1950).

We have not extended this theory to pol wdisperse samples at this time for two reasons.
First, the data indicates that only ofie charmcioristic relaxation time (s present so
that emplirical values for v can be obtatned, Second, with no knowledge of the func-
tionality of {(4,4) more sophisticated theories are not usclul,
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FPigure 2-10 shows the process of changing permittivity for a field switched on and
then off. In the simplificd theory used here the equation for bulldup is:

ac'@) A7
ac'(= ’

@-39

where

1
1-.0

The assumption of this model, therefore, is that the bulldup time (s approximately
egual to the relaxation time. Although cvidence has been found that 7, and 7¢, the
characteristic rise and fall times, are different, we feel that the data is not of suffi-
cient quality to justifly oo much dependence on their values. In the simple theory

1p = 7¢. A consideration of the functional dependencies of r on various parameters
will give an idea of the possibilities for improvement of 7. The rotational diffusion
constant depends on the viscosity, n, the characteristic particle radius, £, the tem-~
peraturc, T, and a shape factor, Q', similur to the previously defined Q in the follow-

ing way:

e ~ .'.._Q_',, . (2-40)

The charactoristic particle yrus is equal to the length of the longest axis. Since ‘
Tr= 1/67 the Improvement of response time is most obviously seen to arise from
reduction of the particir size, t, The experimentally observed 7 for rarticles of X
slze 5-10p are on the order of 1-5 sec, so that a reduction of marticis stze by a factor
of 100 to . 05-0. 1u should give 7 of 1->usec. As mentioned in 2.4.1 equation 2-24),
there is a tradeoff of t. 1al response magnitude with response time. We feel that stwiy

[ 4
-
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%
-

ton foes
T

Figure 2-10. Swilched-on and Switched-off Behavior of Permittivity

Differcnce (O ¢ ') in the Low-Ficld Case
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along these lines in certainly indicated. Thoe other variabios in cqumtion 240 enter
only in a linear fashion uo that only moderate improvements can be expected n 7y,

In particuiar, the compositior of the diclectric as a CCl, or CCl,‘—Cl$r4 suspension
limits the range of 7 variation while the femperature range of 10-50°C Is not large
enough to substantially charge £. The shape factor Q', in general, increases with
the asymmetry of the particle, again n result that contends agninst Isrge changes In
Ac¢', Using the foilowlng approximate values for the parnmelers in equation 2-40

we have calculated a response time of 6 sce, as characteristic of the aluminum parti-
cle system. We took T'= 300°K, £ -~ 104, 1= 10 millipoise and G’ = 2.2. The valuc of
7. 6 sce corresponds quitc well to the observed values of 1-6 sec for low applicd bias
flelds of 200 volts/cm at 4 LMz,

Figure 2-11 shows a lugarithmic ptot of the parameter 7, versus particle size f in
microns using the tow field case cquations 2-39 and 2-40. The three tines arise from
use of three values of the shape factor Q'= 0,22, 2.2, and 22,0 corrcsponding to a
shape ratio distribution of a:b from 1:2 to 1:20. The shaded region shows the region
of relaxation times and size distributions which have becn studied so far. By reducing
the size of the particles to ~. 0lp. microscennd response times shauld be reallzed,

For monodispe rsive cases O'Konski®) has considered high floid response times and
it should be noted that at high field strengths, 7y should be much smalier than r,. We
intend {n the future to use shaped pulses In driving voltages for given orientations.
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Figure 2-11. Logarithmic Plot of Response Time (7 ) vs. Particle Size (f) for
Different Values of Shape Factor Q')




Emplrically high ficld strength saturation begins to show above 400 volts/cm at 4 kifz,

Because of hreakdown problems in the luminum svstem this method was not pursued,
but with the more stable magnesiwn system this work con be reinitinled. Busche r{?)
{3070 fuany, while worning with a by band phaser, (hat glant pulses on tho order of
20000 V/em produced response times on th~ order of 10 usec. We fcel that additional
work in this area (s justified.

Thus two methbads are avallable for improvement of relaxation times, high flold
puleos and particle size reduction,

2v/u




L 3 ELECTRODE DESIGN

3.1 DESIGN GOALS

The initial attenw ul producing an S-band phase shifter consisted of simply scaling
down the existing K, band versici. The first 8-band version consisted of a single
electrode, npproximalely 5% cm long, placed in a WR-284 waveguide, with teflon im-
pedanco matching wedgea mounted on the ends ns 6hown in Figure 3-1. The perforin-
ance characieristios of this initinl test coll design Is shows in Figure 3-2. This de-
sign was {o be the starting point for improvement in electrode decign and modification
of the 8-band phasc shifter. ‘Jo prove the practicality of an experimeni! model, {t
was felt that the critical goals in the area of electrode design that should be me* were:

o Inscriion loss < 1dB 2 ,2dB
® VSWR < 1,.2:)
® Control Vollage < 1000 volis rms

3.2 DESIGN REDUCTION OF CONTROL VOLTAGE

Early in the study it became evident that one of the primary goals for realizing a
practical phase shifter would be reduction of the applied blas required for operation,
The reasons for lower control vollages are sclf-evident:

1. Reducced cleetrical insulation needed to prevent breakdown to aned within the
phase shift ¢oll

2, Reduces necd ior large, heavy high voltage power supplics 1cquired to shift
phase

There arc a number of viable approaches which can be sought, all of which can be
most casily ediracted from the Kerr equntion

L

¢

The first and most obvious approach is to lengthon the teat ceil, hut therc are a nun-
ber of disadvantapes, To decrease the control voltage by a factor of two, the phase
shift cell would have to be lengthened by a {actor of four resulting in a cell almost
nine feet long, Aside from the manifest problems of physically handling this cell and
the difficulty of reirofitting it into an oxisting sy stem, the Increased losses due to
liquid diclectric (even just CCLy) would make this approach prohibitive,
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The sccond appronch — successfully omployed o paet Hf e el stes — vooyld
ba o ineveage the Rere enngtant K oaped therodn obvin fege o ood peerfaen oo Thiw

has been pursaed by varying the nrnber deaapy ba the mor Tyartoeed o
sysdem, by bestang dibferent gooanfoctarer b by b o

Crii cpaiean
UL "'-.r‘;r'*".’!i
Al through pew matevials research,  These rosulls are diveussed lo o Bilee sevetios,
but &t is apparent that gaing in this arcs are mited, as §n the eose ol ingeessbug the
electrodu length, by the K,

The third approach hag been in the area of nercastng the oleckeie feld seongth, By
referring to the Keer equntion, it is eastly seon (g by doubiling the obooteie Yield
strength 3 factyr of four increase in the phise shift is coalized in the low B Geld re-
gion. The ¢lectric licld B is velated to the applied bias vollage Voo the vopacation
of the cloctrodes d by the relationship

(1-2)

The cleetric field can by increascd in cither of {we wavs, Peest, e control voltage
nuy be imerenxed (this 8 not dusteed): secand, deercase the olectr =le 2oparation, By
deerear s dle aloetrode separation by a factar of only 0eo, the cantrol soltage vay
cut b ho M, Bl destrn chosen (Figure 33 woas a Seeleetead op paniopbe cosf ora-
tini that voduees the voiteol veltage W oue=third the or sl waler, Fhes conf mrvation
voduccd the longth froem 5% tr b em,  An Loportant comparvison t5 the phaso bt

pere uiit fength of wavepuide cetl shown in Figure -4,

3.3 PESIGN REDUUTION OF INSERTION 1SS AND YSWR

Alter extenstve tusting with the single electrads phiadc shilt coll, v as Soand that tie
insertion hgs peakis, shown in Figure 3=3, ther were betoy obseesed iy peiee oo ebn

tetrachloride and the M-CCly Hauid dictectric vore highor-ocder ov e oot vades,
Further testing of the single vlecteande comizue st tn v <~ vilicd thas anpgesotion

with sreasurements Lt indicated thae the mods s s Lewe s anits ko« o0 the devenati-
nuity of the clectrode within the coll, The curves shawn T Vigree A0 e obtained
by drithng three holes across the vidth of the gnede 1o ne Cruve the cva e

B

el
TEag mode zhead of the electrode, of the clertvode divensrinnity, ard 0 the olevtiogile,

An obatacle, ov discontinuity. will penerate Fehier order mades even whea the ol ns
sioas of the waveguide arc too small for thoie tranamisston, T the vrevine of digenn-
tinuitivs rather eomplicated fleld disteibations prosadl, hut these moar Tae couobved by
Uygeons congtruction me thoda which indicate the gener teaa o copro e b soder
mades.  However, I the ditnersions arve sueh that ooy the doivon vt ponde eon o sup-
ported, such waves may met e propagated ovee any apprec Sle e 0 Thee loal
inty which these higher order sources ook, bty o guide apneated begond cutodf, nyvy

be regasded as a lavge negative guspectance. It is not, hovwever, aopare sospestance,
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and i not entively frec from loss, for substartinl wall curremts will exist incidental to
the multiple rotleetion of the higher order waves, Thus, the presence ol obstacles
leads to dissipaion of power., Thus it was felt that a different approach to the under-
standing and inolysis of waveguide discontinuities had to be taken, ¢

Consider a line terminated in its characteristic impedance and that the discontinuitics
in the waveguide are lossless, that is Y - B, Then the reflection coefficient r (s

Y,
r- MY (3-3)

whore Y, s the admittance and My s the charactoristic admittance, Normalizing,
onc ot ains

Y
r - —w (3-4)

*Bozed primanily on fouthy orth, Ref, 10,
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The reflection cocfficient can be related to the VSWR ¢ by

—

sy f.; +B

¢ - Ll Yol th (3-3)
-0

v I-il'[m J:"ilz

Now, the suspectance, IB, is terminated in its characteristic admittance 7 where I’ZI
is definced as

-~ i
12| = ————5 (3-6)
1+ 8|

and {, the angle of the reflection oncilicient, is given by

-1 2
¢ = tan” H (3-7)
The distance to a nearby voltage minimum (s
|B| 4 -52- s (20 4+ 1)-2'- (3-8)

Combining thc above, one gets

(3 E ]

|§| = 2 tan ((Zn t1)-- 4;d) (3-9)

It should be noted that this development does not take into account the fringing at the

discontinuity, For the capacitive case, B > 0, the distance 1o the first woltage mini-
mum ls

A -
._s(.z_ -1 .B.) .
d (7 (2) (3-10)

This expression idertifiee where a second discontinuity shoild be loeated to correct
the mismatch incurred by the first. Since B > 0, a discontinuity 8% .4ld be located at
a disSarce

Y
t = 2x tan (“i‘-‘;) (3-11)
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on the gengrator side of the minimum. If {ﬁl is small, then 2/0 —~ =, and

-1/2y_r
tan (B)_ 2
which gives the spacing between discontinuitics
A
t = _‘! (3-12)

With this fact. coupled with the pentaplite clectrode design, it was decided (o space
the clectrodes, designed around a cemer frequency of 2.8 Gilz, with the electrodes
themsclves one half the spacing between discontinuities, [.e., Ag/8. Tests performed
on these clectrodes in air and in CCly did not show the characteristic insertion loss
pcaks previously obscrved nor were any higher order harmonics ever measured.

The results and comparison of the five plate clectrode to the single piate electrode for
inscrtion loss and VSWR ax a functinn of frequency are discussed in Section 7. How-
ever, the worst-case inscrtion loss was less than .5 dB and the worst case VSWR s
1.14:1 for the band 2.7-2.9 GHz, for CCl, without Al.

Since the VSWR can be related to If;l , then

] = = (3-13)

which corresponds to a lﬁl of ~ . 1077 which deviates less than 3. 5% from the ideal
case.

3.4 INSERTION L/68 V'S, PHASE SITFT

To obtain a 360° phagc shift in the five clectraode ecll, the permittivity of the liguid
must change by an amount sufficient to increase the numwber of puide wavclengths by
one. The wiaveguide wavelength, Ag: is a function of permittivity and varics as

A
A= =R (3-14)
€ j( (E) - (AO/Z:\)h

where ¢ (F) is the permittivity ng a function of the aoplicd field, In the new cell con-
figuration, it is found that a 360° phasc shift ¢an be accomplished by a change n
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permittivity of ~ .5 (assuming an inltial ¢ of = 2.35), However, this can tead o
difficulty in meeting the matching condition from last scetion, namely

h'

which is also dependent on Ag. It in evident that any change in ¢ causes an increase In
the mismatch between the spaced scctions of cach of the electrodes. Tn this case,

a change of .5 leads to a changoe of ~ 12% In Ag. [ the overall length of the phase
shift cell is allowed to decrease, the ncecessary change in ¢, and, thus, the mismatch
(insertion loss) is incrcased as the phase 1 shifted,

1t is felt that this problem can be limited to ahout . 2-,. 3 dB by not allowing the cell
length to decrease below its present length of 44 em which limits the necessary per-
mittivity change to ~.5. Also, the electrode design can be modified such that the
matching condition (equation 135) is met when (hr phase is shilted by 189°. Trerefore,
as bias voltage is applied and the permittivity (s changed, the mismatch decreases un-
til Ay mects the matching condition.  As further bias is applied, the mismatch tn-
creases uritl the phase is shifted 360° ond the insertion loss is where it was (nitially

as shown in Figure 3-7,
{
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Figure 3-7. Inscrtion Loss Change as a Function of Mismatch Caused by
Changing Permittivity
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There is one other source of Insertion loss as a function of phase shift — the (mpod-
ance matching wedges.  As the permittivity of the dielectric is increascd, an addition-
al mismatch between the impedance matching wedges and the dielectric occurs. This
loss is directly related o the change in permittivity, Therclore, as the phase is in-
crcased the mismateh and resultant losses can be expresscd as

2
“

[a* Ja

where ¢, 2 are the pernittivities of the two boundaries: see Figu=e 3-8, Presoently,
the material used in thy wedges is eflon with « § = 2,10, Therefore, as the phase ir
shifted the increased permittivity results in increased tnsertion togs. With the pres-
ent liguid, as the permiltivity varies from 2,5 to 3.0, the loss increases from
~0.4dB 0 .5 dB. This can be minimized, however, by choosing an in edtince
wedge with a dieteetrie constant of approximately 2,73, or choosing a iiquii diclec-
tric whose permittivity can be varicd between, say, 1.8 and 2.4, matched at 2.1,

Insertion loss = 20 log

{3-16)

3.5 ELECTRODE FABRICATION

With the design change of the clectrode configuration it became necessary to change
the methvud of clectroac fabricatinn, In the single clectrode phase shifier, the clec-
trodes were hricated fvom brass (L8010 in.) or aluminum (.30 in.) sheet. Theec
were machinud to the proper size and holes rundomly drilled in them witk the intent of
flos enhancement, A lead wire was then aitachid to the cleetrode and a teflon coming
of ~ 10 mil applicd. I was originally feared that inscition Inss peaks that were ob-
served vere due o clectrode alignment in the waveguide, but extensive testing Lo this
mint did not bear out this hypothesis, The holes drilled in the clectrode did show ef-
fects on inscrtion loss, as discussed in Section 7,
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Figure 3-8, Bowndary Region Betweon Phase Shift
Cell aad Alr-Filled Waveguide
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With the advent of the five-plate, spaced electrade configuration, it becamo very
obvious that a new means of electrode fabrication was ncecssary to hold th: clectrodes
accurately in place. \ new material, copper clad fiberglass, was employed, The
clectrode matertal wns a layer of 1.5 mil copper on a ~ 31 mil fiberglass or mylar
backboard. A tape mask, blown up 2to 1, Is laid out and reduced on filim and to etch
the copper-clad material. Only onc fitm mask is needed and can be used almost in~
definitely throughout production. With this method, identicul clectrodes were pro-
duced at an extremely low cost even though they were made in 2 one-of-a-kind fashion.
Both the single and pentaplate electrodes were supported by thin teflon plates (~1/8 in,
thickness) with narrow grooves machined in them,
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4. PUMPING SYSTEM

4.1 GENERAL DESIGN

The design goals of the S-band phase shifter originally included fabr! ation of a liquid

circulating system with an adequate capacity for keeping the metal particles from set-
tling and for temperature contyol of ihe liquid environment. The major problem of the
pumping system lics in scaling from K -band to $-band,

Since a successful pumping system existed at K -band it was felt that scaling to
B-band would bring rcsults, But problems became evident almost immediately. The
crosa-scction increascs by a factor of 11, bul the volume incrcases by a factor of 600
to 900 depoeniding on which size S-band system was in use. Thus, to turn the liquid
over at the same rate as in K, band, a pump with this increascd volume capacity was
necessary.

The original flow rate attempted was al a scaling of approximately 6 to 1. The results
reflected the amount of thought applied to the problem at the time. Even as morc ¢f-
fort was cxpondest on this prrticular problem it becume evident that the flow was im-
ited by the design of the svstem (n operntion at Ky-band, Figure 4-1. The major
arcas of loss scemed 2 lay in the pressere drop of the debubbling reservosr, the 1/4
in. teflon lines usced and the input and outpul ports of the phase shift ccll, The capaci-
ty of the pump was also far below what scaling would imply. MHowever, the
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vigure 4-1. Flow Bystem Schematic for Kg-Band Cell
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investigations of the cffects of flow on permittivity change suggest clearly that in-
creasing the flow was not the answer to the proble.n of settling. Instead an increased
effort to find 2 new more stable lisquid was morc promising than any conceivable
pumping scheme. This conclusion was for~cfully demonstrated by the tests which

showed lhat in somc Instances pumping decrcased the attainable phase shift by more
than 78%.

4.2 PARTICLE SETTLING AND FLOW BIREFRINGENCE (MAXWELL EFFRECT)

The primary reason for using a pumping sysiem to circulate the liquid dielectric is to
prevent the metallic particies in the dispersion medium from seitling. However, as
will be shown here, the pumping system does not really enhance the stability of the
liquid if the flow within the phasc shift cell is laminar. Eskinazi{l1)) has shown that
when an incompressible fluid in a state of laminar flow between two stationary solid
plates reaches a fuily developed state it has 2 parnbolic velocity profile between the
plates as shown (n Figure 4-2, The flow Lbetween plates is described by the Naplar-
Stokes differential equation; however, the only terms that are not zero are

2
19 L)
- " Y — (4-”
p bx 3,2

e e e

Figure 4-2. Velocity Profile of Liquid Flow Betwcen Two Parallel Plates
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Hydro-stalic piessure

9
]

Fluid density

A
L]

v Kinematic viscosity

u = Fluid velocity

Solution of this equation ylelds the fallowing esxpression for the Nuld velocity:

o = s3] wn

The tmportant thing to note s that the velocity is zerc at the walls. Actually one
would like the fluld mcrement at the walls to be largest L prevent the particles from
settling and coating. Such is not the case. Thus, if pumping is to prevent settling,
then s strongly turbulent velocity profile is required. Comparizon{}2) of the velocity
proflles for ! minar and turbulent flow of equal mass flow rates shows that the
velocity gradic it for turbulent flow is much greater near the walla, Because the
welocity of turbulent flow I8 much more uniform beiween plates it can also be argued
that it would even further reduce the phase shift as compared to that which is ocbtaincd
for laminar flow or the case without any pumping.

The most adverse eflect incurred by the use of a pumping sysicm for suspending
particles is that of flow blretﬂngonce.um A viscous liquid consisting of asymmetric
particles that flow in such a2 way that there Iis a shearing velocity gradient produce a
change in permiitivity becouse of partial particle alignment in the force fleld of liquid
flow. Tho particles tend to align along the lines of flow and hence reduce the cbtain-
able phase shiit. Therefore, a pumping system is not desired, because it:

1) Raduces phase shift ohtninable
2) Does not enhance liquid stabillty
3) Complicates phase shifter design

1t turns out that several olher approaches lend themsclves to prevent particle settling.
Among these are:

o Deusity matching of the dispersing medtun to the particics (as discussed
in Boction 6)

o Utitization of submicroa size particles, because Brownian motion keeps
these particles in suspension (as discussed in Section 6)

e Development of one-component systems, in which the molecules of the
liquid themselves are polar
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4.3 TEMPERATURYE CONTROL

Among the many reasons quoted, when the development of the phase shifter began, for
the usc of a pumping system was based nn inscrtion loss data obtained at Ky-band of
around 2-3 dB. After further study of the S-band unit anl changing to bettor Hquid
diclectric materials, the insertion loss was reduced to less thun 0.5 dB and thus &
pumping systewn would only be useful for high-power operation, Assuming an average
power level of 5 kW and an insertion loss of 0.5 dB, then abowt 10 ; of the powar (or
500 watts) are dissipated in the phase shifier and some form of heat removal may be
necessary,

Several solutions exist for heat removal from the phase shifter., The first {2 to attach
4 sat of radiating fins to the phase shifter as shown in Figure 4-3 and as commonly
used on high power loads, A second approach for heal removal is a waler jacket
around the phase shiftor cell, with un external heat ¢ xchanger attached to the flow
lines. The experimental model of the phase shifter cell shown in the Fromtisplece has
such a water jacket.

Further stwly may indeed show that no sctive arrmaagement for heat remewal {8 neces-

sary. heserver, a preregulsite for such action {8 o more tharosugh unde rstamling of the
propertics of the liguid st higher tomperstures,
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Figurc 4-3. Phase Shifter Coll with Cooling Fins
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5. MATERIALS AND MATERIAL PROPERTIES

As noted in Section 2, the artificial diclectrics needed for good phase shifting ability
it he composed of componeints with several desirable properties, The search for
oae-component aystems ensalls the discovery of materials which imitate the artificial
diclectric behavior on a microscopic or molteceular scale, and, in general, one-
comipunent systems must satisfy similar requirements. In addition, the projected usce
of these materials in devices requires that the liguid dielectrics have certain desirable
mosheniciul and chiomi i} stability properties. Thus, the materials point of view, as
expressod in this chupler, Is particularly important for understanding the possibilitics
of liquid phasers and the necessary work to be done In the future.

First the mechanical and chemical properties which are required independent of phase
shifting ability will be examined and then the propertics applicable specifically to the
action of the material in 4 phaser will be examined. These [irst discussions will be
general in nature. The scctions folliowing will cover specific systems studicd tn this
contract in a compreher sive way, sys‘.em by system,

8.1 GENERAL CONSINERATIONS OF MECHANICAL AND CHEMICAL STABILITY

The materials used ought Lo have such obvious properties as being non-carrosive,
non-volatile, non-flLimmable, and non-toxic, Thegn properties are, however, séc-
ontda sy piroperties which are optimized once a workable system ts realized. The
primary properties recded for liquid diclectrics Irom a mate rials standpoint are
discussed here,

A wide liquid phuse ruige in the order of -40 to 10C*C s desirabie. Although gel
sysicme are being contemplated for study in ihe future which are not liguid, the
present «ystems require lisuidity for funclion so that Brownian motion can reorient
the particles for reosettability.

Ability to disperse solid particles is a necessary property for the medium of suppore.
The solution W probiems of deficiency in this proporty can be obtained by several means
since ability to disperse is a complex property of substances, Por instance. Buscher
(1972)” has ‘ound previowsly that benzenw, even with surfactants, is a very poor
digpersing medium.  This property is probabl; yvelated to its low polarizability,

Other low molecular weight hydrocarbons in goneral may be expected to have this
problem. Tho otserved facility of carbon teteachloride ns a didpersing medium (s
relaicd to its large polarizability and aceounts in large measure for its present use

an a support vehicle,  Surfactants can inprove the dispersing power of a modium by
forming lirks from the medium which tends te reject particles to the boundary of the




particle,  In our mapnesiom svaterms the stability of the suspension agunst (oceulation
hag been geeatly cohonced by the use of por-innde, ron-pobir surfactants,  IAswr-
sthitity of partieles can abea be tmpressod by coatinge e partictes mecbanicadly or
chemicnlly before disgersing them.  The very (nvorable dispersing charactevistics of
tThaminum {lake pigments is due to the chemically hound tayer of stearle acld to *he
surface of the purticles,  This layer is essontiatly « bond M beilt-in surfictant Inyee
an the particle. Future solutions to dispersing problems will be sougit along these
lines. Aa will be discussed in »ur system annlysis sections we feel that a good handle
has been obtawned for controlling the dispersing of metal particles,

As discussed in Section 2, size and shape of the pertictes I8 a transceendent problem for
the design of offective phaoe shift liquids, To the present time we have relied on the
commaercially manufnctured moterials while the fimpovtant factors were being evaluated,
As Plgure #-11 shows, the small size distribution region has hardly been touched.

I the lWure, mare advance.d techniques of small particle reduction must be used,
These methods should include sioving, liquig and gas clutrialion, and flame spraying.
By g.as elutrlation is meant the process of separating particles using an upwird blowing
abr sream as the sedimentation medium,  The (Lime spraying technigue can only be
used fov those materialy which do not hurn. Submicron moetal pacticles which sre
produced by atumization or precipitation techniques may tend to be sphervoldal, in which
cuse subsequent comminution nray bo seoussary o flatten the particles for aptimizing
the shape factor Q.

Chemdeal stability as a eriterion s important for soversl reasons, The materials
themselves must not decomposne due cither to chemical processes or {rradiation by
microwaves, Chemical procerses such as oxidation ean be controlicd by several
means. For instance, (o the alumimum or magnesiom particle sy stems, surface
coatings ol oxide and suriactants protect the metal against oxidation, “The diupersing
mecdium can alyn be protected against decomposition by tnt-oduction of chemical
stanilizors. The eorbon tetrachloride and carbon tetrahromide systems can be pro-
tected against decormposition by adding {ree radical scavengers such as 1, -6 hexane
diemine (Minford et al, 1950, Syeh wdditives also help prevent the attack of the
celd valls by the suspension medivm.  The problem of micrawave feredation stability
is fortunately o simple one to solve, since the primavy effect of microwave radiation
on subgtonces Is heating due to dipnle absorption process, Since dipolar substances
must be vigorousfy excluded to avold large inscrtion losses due to ahsarption, this
problem is taken care of automatically.

An important peint conceras the necessity of getting vid of al traces of water (n the
liquid media,  This requirement extends also to the liguid crystal systems,.  This
problem can only be solvesd by taking great care in the procurement and preparation
of the liquid systems,




Apother difficulty can arise from the presence of smaltl amounts of onic mazerials in
the various compounds, These jonic materials can casuse lossed in the cfficlency of
the bias field in producing « polarization in the liquid phaser medive. Again carc in
purification of the systems can take care of a majority of the problem,

5.2 GENERAL CONSIDERATIONS OF PHASE SHIFTING REQUIREMENTS

systemis which are compased of metal particlies suspended in liquids. The general
requirements which apply also to other systenis such as ferrvelectric Nuids and Viquid
; crystials are cosily abstracted from the theory, For good phase shifting ability iarge,

i highly asymmed ric molecules or particles with large polacizabilities are yvequired.

The particles can also have a large. Intrinsic permanent dipole moment if it is
directed along the longest axes of the molecule, Permancat dipole moment components
directed along short anes of the sinlecule will enable dipele absorotion to take place In
the microwave 1egion. The solvating medium i present must be non-polar or dipole
absortion process will take place.  The two requirements jmst mentioned preclude,

|
b
f Scction 2 digcusses in a theoreticul way the reguirements for good phase shifting liguid
i«‘

1 unfortunately, the use of Iarge protein molecules with huge dipele moments because k
high diclectric constunt selvents are necessary to dissolve them in a wiy (0 zet max- {
L fmum Kerr effect. Such high diclectric constant solvents always have large dipoie

moments. A cage in poink 12 the obeervation that poly benryi-l-glulamate, PBLG,

has a high optical Kery coustant when dissolved in ethylene dichloride tut a low optical
Kerr constant when discolved in dichlorosectic acid 16, The general cuiclusion cay
be made that high dipole noment sttuciures are stabilized by high dielcetric constant
media with large dipsle moment.

5.3 METAL PARICULATE SYSTEMS

5.3.1 SOURCE OF PHASE SHIFT CHARACTERISTICS

The source of the phase shift characteristic is the macroscopic orientation of disc~
Hke particles of dimension ~1-10: by an appbed electric ficld, The orientation is
producod by dipole induction torques.  Relaxation is caused by Brownian motion in

the fluitd,

5.3,7 CURREXT CAPABILITIES

The S-Pard capabilitics of metal particulate systems are listed in Table 5-1, It <
may be noted that the Mg:CCH:CBrg system Is stable enough for applicationg which
do noat require fast respanse limes.
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Table 5-1. Mctal Particulate System Capabilities at S-Band
System ALCCL, Myg:CCH. ‘Cnr_.
Toul Phase Shift 0- 360°/0-200V o-loo'/o-soov
. (Low Power Tests)
Loading Density 10 mg/em? 10 mg/emd
Low Ficld Strength 5 sec 5 sec
Response Tilme
200V/cm)
Resottability 5° @ J60°
Inscrtion Loss 0.5 dB 0.7 dB (with Tergitol)
Temperature Coefficient 1.5°/°C @ 330°
Diclectric Constant 2,5 @ 100 ke

Power Level

MW peak: & KW avg

I MW peak; | AW avg

5.3.3 SYSTUM DESCRIPTION

Two metal particulate systcms which hae been studied:

1. Al CC!_‘ aluminum Makes 1 -16x susperded in (.C‘l o floceulation,

setlling time 10-15 min

CBr R
CCly+ ‘Q‘Br with density of 1.79 am/emd.  Tergitol prevents flocculation;

settling llme -,

(2]

Xg: CQCl

(4,

Industrially available metal powders were taken and suspended by agitation in tie fluid
medium; see Table 5-2.  For any pasies used the phyaical cleaning of the stearic actd
binder was performed by dissolving the paste binder in some organic solvent (CCl,

cH (‘!,,. ICH. 3da CO). Then the resultant powder was suspended in the Muid, Tergitol

w .4 added 1o the magnesium systems,  The suriaetant v.as bound to the particles by

magzncsium particles ~10-20u suspended in raixture of

3.4 METHOD OF MAXUFACTURE

boilmg the liguid inixture under reduced pressure in a warm water bath,

The carbon tef rabromide commercially chitained was of technical grade and quite
imepure.  This compound was purified by reervsiallizing from ether several times,
C.ce pure CBrj was obtained the solutions with 2Cly and misture. with My were
stuble in the dairk. When traces of moisture were present some dehromination occurred




ST o T TTTEeememm———_

Table 5-2. Curremtly Usced Metal] Particles

e T -
Metal Name Manufacturer Solvent Density, gm/cc
Al XD-40 Reynolds 1.6 CCl,
AL "AA" Silberline 1.6 CCl,
Mg RMC-325 Reade 1.8 CC'i‘-CBr‘

in the presence of light.  Rigorous exclusion of water prevenied this problem, The
density range availible from 10*-40°C with CCl4;-CDry mixtures were found to be
1.6-2. 1 gm/em3,

Pioblem Areas

The aluminum systems are not stable for mare than 15 minutes because of the high
density of the particles with respect to the Clspersing solvent (AL, p~2.71 gm/cc and
CCly, p=1.59). We are not able at present (o manvfacture a density matched medivm
unlcss the temperature of operation of the cell is above 40°C. As a resull of scttling
pumping must be used to kevp the particles suspended.  However, efficient pumping
uswally results up to a =95 ; decrease in the phase shift ability. The magnesivin sys-
s are stablc (o setding, and the focouintics problem can be cured by bindinz a
surfactand as montioned previously. The problem with curreat Mg systems Is that they
sliow a phase 2440t ability of 5077 of the Al systens,

Because 1k shuminum particles tend to "paint™ or coat the /nterior of the wavepwide
there is o lendeney for breakicdomn (o occur.  This does nok seom to be a problem in the
magnesium syslen,

535 PROSPECTS

Unless & density matched liguid is found for the Al systems these systems do not scesn
ta heve a bright luture.  Howaver, if 3 wiathod of pro “acing and handling particles in
the order of 0.01-0, 05 cun be found, thea the systers would be feasible.  Alaminum
kas the usefvl property that it casily lorms highly assvinetrie flakes which have
exceliont phase shift churacteristics. I possible this prooerty ousht to be used. The
samie considerations apph o the magnesiom systems.  In addition, submicron metal
particles improve seserzl other arens too,  For instance. the necessity of using

CQYy and Cliry ws dispersing media can be eliminnted and such inert mngd non-toxic
materials as flunrocarbons can be used as disge rsing medin when the partdcle sizn is
ol the order of 8.0)u . Mso the climinaticn of CCly and CTr y means that other meials,
perhaps of better Nakeability, ean be used.
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The use of other solvents may well climinate the problem of aluminum painting.
Smalier particle size of course, means that the goal of microscecond st and preset
times can be oblained with low applicd bias voltage.

5.4 LIQUID CRYSTAL SYSTEMS

$.4.1 SOURL "OF POSSIBLE MIASE SHIFT CHARACTERISTIC

Phase shift is attaincd in these systems by electrice field or magnetic fleld induced ani-
sotropy of the dlelectric constant due to the reoricntation of structural domains in tho
bulk liquid. The rceorientation can be achieved by dipole induction of the domains or
dipole orientation of the domains.

5.4.2 CURRENT CAPABILITIES AND RESULTS

So far in the systems studied po detectable phase shift has been observed. The systems
studied fall into several categorics as shown in Table 5-3,

5.4.3 PROBLE)M AREAS AND PROSPECTS

There arc several problem arcas in the current liquid crystal reseacch program. The
first arca is due to the microwave absorption by many liguid crystals. Those molecules
with off axis dipoles tend to absorb in the micromave. The next problem is obtaining
liquid erystal systems which have their nematic or cholesteric phasce resion over a
convenient range of temperature, including the range of 15-419°C. This problem
seems rofated empiricatly to the first, in that the available low temperature sys-

tems scem to require an off axis dipole moment. This is prebably related to the

fact that low temperature ranges are facilitated by bulky off axis groups which

often have dipole moments. The prospects for these svstems seem fair and depend

on the availabiiity of new liquid crystal svstems. The systems which have been tested
were prinarily solution systems because the suhstances themselves all had high
melting temperatures. New liquid crystals are now becoming available which

should enabic more investigation to take place.

One other possible problem zrea is that orientation due to clectric ficlds seems to
require a ficld intenvity of ~10000 v/cm which is a fairly Iarge bias for ¢lectrode
spacings of 1 cm. So far pulse experiments witn the cholesterice s stems have not
yielded positive results, because the duty cycie of the pulse unit (~25%7 ) is not enough.

We have continued the scarch for appropriate components (hat have no off axis dipole
moment and are liquid in a reasonable range. This revuircment may well be obtained
by usinz mixturcs of liquid crystals esnecially chal iteric-nematic mixturcs which
scem to have low nematic phase ronges.  Mceier and Saupe'7 have established that the
microwave diclectric constant can be significantly changed by magnetic fields in p-p'

azoxyanisole.
+




Table 5-3. Liquid Crystal Systems

e -
Insertion Loss/19 cm
Solvent €@ Ku-Band
A. SOLUTIONS OF NEMATIC CRYSTALS
10% N-p-methoxy benzy lidene c 6ll 12 20dB
p-buty! aniline
12% p-p aroxy diphenciole ca A 0 dB
12% p-p (cthoxy phenyl azo) C(:l‘ 4dp
phenyl valerate
115 buty1 p-(p-cthoxy phenoxy- ca, 3.2dB
carbony] phenyl carbonate)
B. SOLUTIONS OF CHOLESTRIC
CRYSTALS
17% Cholesteryl 2-ethyt hexonoate 0034 1.5dB
C. NEAT NEMATIC CRYSTALS
N-pmethoxy bengylidene cvon >40 dB
p-butyl aniline
D. NFEAT CHOL ESTERIC CRYSTALS
Eastman 92.21(. Cholesteric ———— 20 dB
Mixture
.

5.5 FERRO-FLUID SYSTEMS

5.6.1 SOURCE OF PHASE SITFTING CHARACTERISTICS

Sub mirron particles with cither permanent clecirie or magnetic moments are oriented
by cither clectric or magnetic bias ficlds, If the particles are asymmetrical or L~
anisotropic princijul polarizabilitics then the bulk: medinm should exhibi: anis»tron

of the propagatics selaciy, v - (Ve 11"V 2, Pluids made up of ferravleciric paii:olos
would be called o seleetrie fuids, while these made up of ferromagnetic particles

would be called ferromagnctic fluids.




5.5.2 PROSPECTS

Ferrofluldic Corporation has demonstrated the feasibility of manufacturing ferro-
magnctic fluids., We have tested a sample of thelr material HO1 in the Ku-band cell
which had 1000 amp turns over 19 cm. A phase shift of ~)50° was observed, demon~
strating the feasibility of this material as a phasc shift subste. . .. Ferroelectric
fMuids constructed from (erroclectric particles such as titanates should cxhibit similar
characteristics under orienting electric ficlds. Such systems should be stable
suspensions in incrt, nos-toxic perfluorocarbon bases with rapid set and reset times,
These systems should have a bright future.

5.6 PROTEIN SOLUTION SYSTEMS

5.6.1 SOURCE OF PHASE SHIFTING CHARACTERISTICS

Soveral well known proteins have very large dipole moments and are Guite anisot-
ropic, 18,12 protein systems have been 2~ valuable arca for rescarch in optical

Kerr effect studies. The phase shift ability arises from two sources. These proteins
have large permanent moments which can be oriented by a blus field, If the particles
are asymmetric they will present varisble optical thicknesses to the transmitted beam,
In addition, these molecules are relatively polarizable so thit the induced moments
can be oricnted by the ficld, (O'Xonski, 1972)19,

5.6.2 PROSPECTS

As mentioned in 3-2, protein molecules with large dip.:le momonts requirce high
diclectric constart solvemts to stabilize them for large Kerr eficets. Unfortunately,
these solvents absorb strongly in the microwave reglon because they have dipole
moments. As a check we have examined at Ku-band the insertion losses of several
high diclectric constant saelvents which are lound in Tabie 3«1. None of those
solvents had transmission at Ku-band 2s predicied. In Table 5-3 are some literature
values for the loss tangent at 10 GHz for some solvents. Table 5-6 lists several
proposcd systemns of proteins and sols ents which on the basis of the known ahsorptions
of the solvent must be rejected as possible phase shift systems,




Table 5-4. Mcasurad Inscrtion Josses for Some Solvents at Ku-Band

R

Solvent Insertion Loss Dicleetric Constamt
Dichloro mcthane 20 dB/19 em 9.1
1. 2 Dichloro cthylene 26 dB/19 om 9.2
1, 1, 1 Trichloro cthylene 22 dB/19 em 3.4
1, 1, Z, 2 Tetra bromo 30 dB/19 cm 7.0

cthylene

r——

Table 5-5. Loss Tangcnts for Some Solvents at 10 Gliz®

-
Solvent Tan &

Water 5400 x 13‘

Ethanol 680

Propanol 200

*A. Von liippel, “Diclectric Materials and Applications”, Wiley N.Y., N.Y. (1954)

Table 5-6. Some Proposcd PPhase Shifting Protein Systems

Protein

sSolvent ,

. 1

S
1. Carboxy Hemvi shin

. Edistin
Gliabin

Gamma $2:rum Pscuds Globin

Zcin

2

3

4

5. Zein
6

7. B-Lactoglobulin
8

B-lactoglomlin

e

Water
Water
Water

Water

Water + Propanal

Water + Ethanol

Glycine (meiting point 262°C)
Water + Glycine
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6. PERMITTIVITY TESTS

6.3 DIELECTRIC TEST CELL

One of the mujor problems encountered working with the liquid phase shifter was
evaluation of the artificial liquid diclectric constant., Batch preparation was a long,
} toedious operation and no simple mcethod existed to study the preparation. Eventually
a test proecdure wi's developed to evaluate some of the dielectric properties in a
: more casily controlicd environment by using a capacilance test rell to observe directly
| any changes in the diclectric constant.  The capacitance of a test ccil in a diclectric
5 can be described by the relationship:

Cs= (r(ll) Co (6~1)

where C, I8 the capacitance when € = 1 (In air), ond € (F) is the dielectric constant
as s function of the applicd ficld strength, With this test cell it was possible to observe
dircectly the cifects of flow, ac, and de applicd fields, concentration and particle size
on the permittivity and the ability of the permittivity to change. §

6.2 CELL COXSTRUCTION AND TEST SET UP

A number of test cells were constructed to investigate various properties of the liquid
dielectric.  All had plate arcas of appreximutely 23em® and the scparation of electrodes
; was lem. The electrodes were fabricated from the copper-clad material, A number

‘ of configurations were employ ed, depending on the parumeter then under study.
Capacitance was mceasured as shown in Figurce 6-1, The major difficulty encountered
using this particular capacitance bridge was that ac fields couvld not be dircetly used
and only dc measuremoents were made,

6.3 PERMITTIVITY \B. COXCENTRATION

Onc of the initial drawbacks in determining batch-to-bateh reproducibility of the
Al-CCi‘ liquid diclectric was that no means existed of non-destructively dete rmining
the concentrations of the liquids., While it is difficalt to determine a priori what the
behavior of a particular conducting paste will be without some idca as to the number
densitics and particle distribution, some indications can be anticipated. Assuming
no interactions between dipoles within the diclectrie, which would seem a reasoaable
assumption up 1o moderate densitics, the addition of morr conductors to a liquid
diclectric should be 2 lincar function; that, is the change in dielectric constant As'
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Pigure 6-1. Copacitance Test Cell to Measure Permittivity
With Changes in Appliced Voltage

should approximately double with additica of tuice as many particles to a solution,
These assumptions agree veiry well with experimental data.  Plots of dielectric
conatunts vs. applivd clectrie field were made on the capacitance test eell for varlous
concentrations of aluminum using a nor-insulating electrode amd a de applied ficld,
Figure 6-2, were used us a «twadard to galibrate unknown samples, Comparison ‘
with magnesium is shown in Figure 6-3. 1

For the S-band cell, it has been caleelated that a change of “p of .5 was necossay

for 5u0° phase shilk, One can sce that at lower densitics ( < 10 mam/ec) this would
only be possible by going to luvger held strenghs (that is, > 400 volts,/cm).  However,
gaolrg s larger flelds iy no guarantee of mawe permittivity change, as saturation

muy be reached.

The reason these curves were not expanded to higher densities is due to Incrcased
settling of the aluminum, and increased difficulty in measurcements.

G.o: LONG TERM N.C. \OLTAGE EFFECTS

At higher densities ( >20 mg/fec) a peculiar clteet 18 observed with Silborline "AA"
in the test cell; see Figuree 6-4. There is a large incrcase in the capacitance (¢ )
followed by an abrupt deerease.  This cifect lieconies more promunced at higher
uensitics and only scema to appear o the case of a de tickd, It was fivst felt that
tuls effect might be causad by shorting between the non-insuiated celectrode, but no
current was obsersed.  What may be respongible (s that o3 the de- -ty increases,
the interparticle distance decrexses and thot dipsle-dipole imteructions between
particles occurs.  As the hias field ks applicd, the particles initially align, then the
dipmle-dipole inte: ctions set in,  This results in a dealiznment until the particles !
find themsclves in a more favorable energy state.  Possibly this demonstrates

inertial effects in orientation.
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Figure 6-2, Change in Permittivity for Various Particle Loading
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Figure 6-3. Change in Permittivity for Two Particle Loading Densitics
of Magnesium Powder, Reade 323-X
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1. LOW POWER TESTING

A scries of tests was run (o prepare comprehensive data curves indicaiing microwave
performance characteristics of the liquid phase shifier. These tests, schematics of
test set upe, results, comparison to (heory, and interpretations are organized hero.

7.1  INSERTION LOSS, FLECTRODE DESSGN

A number of tests were performed on the phase shifl cell employing dilferemt electrade
configurations to examine cell loss characteristics, Pigure 7-1. [nitially, the S-band
phage shift ccll employed a ningle electrode design, as did the K, -bind cell. To In-
sure homaogeneity of the liquid dielectric material, holes were drilled through the
elecirode st randomly choeen positions. R was cheerved that the hole size affected

the insertion loss. The results for a single electrode phase shift cell with various

hole sizes employing a CCl, dielectric f¢p = 2.17) is shown in Figure 7-2. For com-
parison purposes an insertion loss medsureisent of the phiye skift cell filled with
carbon letrachioride but without the electrode and electrode supporis was made. sve
Pigure 7-3. Por this and all other measurement the teflon impedance matching wedges
are in place. The average insertion 10ss over the band fom 2.7 to 2.9 GHz is 0.12 dB.
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Figure 7-1. Insertion Loss Test Setup
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Figure 7-3. Ingertion Jloss va. Frequency for Phase Shift Cell
Without Electrode and Pilled with Carbon Tetrachloride

The trend seems to be that the larger the hole sixe, the smoller the insertion loss
peaks. Each single electrode examined was exactly the same 'aagih and hid the same
number and placement of holes {oxcopt for theire diametert. Tho insertion loss peak
phenomenon was investigated extensively and can be explained as being caused by higher
order evanescent modes, Initiated at the electiode edge. ({Purthar account of this ls
given in Section 3.) The pentaplute way designed bocause it is desirable to work with
the lowest possibie phage shifter ontrol voltage. The insertion loss for the penta-
plate configuration wis measurced [or the cell fitled with CCly (cp 2,17, Pigure T4)
and Al-CCly (€ 1 2.35, Figure 7-3) over the band from 2.7 to 2.4 Gz, Comparison
of the pentaplate and single electrode configurations shows no 1ns: rtion loss peaks,
which would indicate 1o lossy evanescent modes (%0 higher order modus were ever
moasured).
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Fxamination of the data from the ptage shift ceil filled with Al-CCly shows that it is
somewhat more lossy than the pure dielectric case. The increased losses in the
Al-CQly 3ystem can be explained by:

1. Mismatch brtween impedance wedges (= 2. 1) and the Al-CCl  artifictal
dielectric liguid (€ pa2. 35): soe Section 3

2. The matching condition (equation 3-12) was not being met exactly, spacing
between the dizcontinuities of the electrode, which is dependent 0n 1y,
was not exact for this particular liquid

3. Llosses due to the presence of the alusainum conductor.

7.2 ¥SWR, ELECTRODE DESIGN

As in the case of the insertion loss, the VEWE, ag shown in Pigure 7-6, was investi-
gated for both single und pentaplate electrode coaligurations. Results are shown in
Pigure 7-7, and 7-8. The measured VSWR data for the pentaplate electrode, Pigure
7-9, compare favorably with those of the single clectrode.
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Figure 7-6. VSWR Test Setup
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Figure 7-7. VSWR vs. Frequency for vhage Shift Celi Without
Electrode and Pilled with Carbon Tetrachloride

7.3  PHASE SHIFT V8. CONTROL VOLTAGE

A siguificant portion of the effort spemt on the phise shifter bag been devoted to this
facet of the investigation using the sctup shown in Figure 7-10. Examinations were
made not ¢nly with different electrode configurations but algs wita differc:g materials.

7.2%.1 ELF.CTRODE CONFIGURATION

In Section 3, a discussion and comparison of the single and pentaplste electrode con-
figurations was given. Test results are given in Pigure 7-11. The single electrode
data is for 2 58 cm electrode using an Al-CCly artificial dielectric. The pentaplate
data was taken using the same artificlal dieiectric, however, the elecirode was only
44 ¢m long. Thus, the really important difference between the two configurations Is
*5e efficiency of the electrodes, thut (g, the phase-shilt-per-unft-length of the two
configurations, shown in Pigure 3-4. Because of this larger phase-shift -per-ual* -
length of the pentapiste elect rode configurs.iea, not to mertion the lower insertion

loss and VSWR, it was the preferred coafigurution and employed in all subsequent
testing.
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7.3.2  Al-CCl, MATERIALS TESTING

The major problem with the Al-CCl, artificial dielectrics lay in problems of settling
and coating. yet, it remained the most succeeaful material déveloped In termas of
maximum producible phase ghift. Investigstions were run in the S-band system com-
paring two different aluminum brands; results are shown in Pigure 7-12. So.ne alu-
minum preparations seemed to work better (1. e. provide more phase shift for a given
voltage) than others, which can be attributed to different asymmetries and particle sise
distributions. From theoretica) considerations, the larger particle (which would have
larger polarizabilities) would saturate at lower field intensities. Thus, one would
expect that the preparations with the amailest amount of phase shift at peak recorded
F field are those preparations with the amallest particles. R would be theoe particles
that coe would expect would have faster rise and fall times., Unfortunately, due to the
instability of Al-CCl, preparations, this point never could be investigated in depth.

Tests were also conducted varying the denasity of tise aluminum added to the ccl,
diclectric. Variation in density tests were performed for different aluminum prepara-
tions in the dielectric test cell and compared favorably with theory. Tests run in the
K, -band phuse shift cell, Figure 7-13, agreed with the findings of the dielectric test
cell. Gross details in phase shift were possible but messurement errors due to
setthog and coaling of the ajuminum (after pumping was stopped) were probably oa

the order of 10 with the Al powders and pastos.

36e r -
* !
¢ 0w 4
|
x :
§ “: i
248}
L ' ..
- v T PR
T /
9 naﬂ% ////// 1
g . ' l/ﬁwumwnvtf
I 12@
2 | .
3 |
i .
62 } P ?
! =
t/ !
a o " - J
2 ] 20e 3B

RPPL LED VOL TRAGE (RMS)H

Figure 7-12, Obtainable Phage Shift with Stiberline Powder
and Reynolds Paste Aluminum at S- bHand

62




EBEBT - - -

TUM S ML &4 Loy

=1e."] & /

832 » 4
700 ¢ )

t DEGREES >

6528 } ]

AR Lk LA L o

SO o .M’;Tu/ ]

woe | ' «

2 } / ]
202 d
/
{9 ¢ 1

1 BLE

PHRSE SHIFT

@2 H2 80 128 =1 208
V APPLIED <VOLTS>

Figure 7-13. K,-Band Phase Shift with Various Densities of Silberiine "AA™

7.3.3 g - CC!‘-CBr‘ MATERIALS TESTING

In the search to find 2 more stable liquid, the Mg : CCl‘ : CBr, density msiched sys-
tem was developed as described in Section 6, The advantage of this system Is that
scttling and coating problems are minimized, although some flocculation has been
obeerved. This problem, though, seems 1o be related to trace amounts of water
present in the system and can be remedied by us: of the proper surfactant to wet the
magnesium. Test results at various frequencies and densities are shown in Pigure
7-14. There is not as great a skew in the data as with aluminum, due to the Increased
stability of the system, However, one of the ¢ ;appointments in the magnesium system
lay in the fact that ~180° phase shift seemed tc be the limiting phase shift value at sat-
uration for the same loading donsity as bas teen used for alumipum, This is probably
50 because the aluminim particles are more platelite and smaller than the available
325 and 400 sieve magnesium znd therefore have 8 much larger sumber deasity then
the magnesium particles. It is important to note that magnesium appruached a satu-
ration ievel much {aster than the aluminum particles, indicating that the greater
portion of magnesium particles were srobably much larger than the alununum particles.
One would expect then, thai the corresponding number deasity of magnesiun. particles
as opposed to aluminum particles would be comsiderably less. thus the snaller limiting
value in the case of the magneeium artificial dielectric.
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7.3.4 DISPERSKON OF PHASE SHIFT

Tests were condurted investigating phase shi* vs. applied voitage for various wave-
lengths acroas the band of 2.7-2.9 GHz tor boti: the Al-CCl, and Mg-CCly-CBr,
dielectric. Unfortunately, in the case of the Al-CCl, 'electric, the data Is not con-
sistent (Pig ire 7-15). This, however, was sitributed to particls settling over the
8-bour period of testing and coating of the electrcde by the preparations, which
probably limited measurements to an sccuracy of 10%. Normally, without particle
settling one expects increased amount of phase shift as the RE frequency Is increased.

Testing was much more successful in the case of the &-CCl‘-CBr‘ liquid dislectric.
The dispersion curves (Figure 7-14) are very close to the expected 1,/A behavior and
| are at least corsistent and in the proper order.
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HIGH POWER TESTS

One of the ahjcctives of this feasibility study 1s a demonstration of the high power

The Flectronics Divislon procured & trane-
mitter and catiblished a 500 sq Nt high power teel lshoratory to evaluate the high power
handling capability of the phase shifter and components of other radar systems in

handling capability of the phase shifter,

production.

The bullding blocks of the high power tost laboratory, made up from both the PFPS-¢

and PPS-18 radar systems are:

Transmitter, Radar T-338/FPS-6
Modulator Grouwp OA-329/FPS-6
Power Supply PP-T83/FPPS-6
Voltage Regulator CN-33/CPS-6B
Heat Exchanger MX-2010/PPS-18

The aperating characteristics of the transmitter are;

Operating Frequency

2.7935 GHz

Pulse Width 2 microsec

Pulse Repatition Frequency 360

Duty Cycle 0.00072 !
Peak Power Output 5 Mw

Average Power Qutput 3.6 kw

The equipment setup for high power testing (s shown in Pigu.e §-1, all waveguide
assemblies up to the device under test ure pressurized to 32 psi, except the AIRCOM
phase shifter, it is pressurized to 15 psi. Al high power testing was done with the
pentaplate test cell shown in the fromtispiece. It is surrounded by 2 constam tempera-
ture or cooling jacket to be used for future evaluation of the exact phasc shift depend-
ence on temperature of different materials. The picture shows the uncoated electrode
configuration; in operation, the clect rodes are teflon coated.

The first high power test conducted was of the phase shifter ceil with the ¢’ectrodes (n
place but using only carbon tetrachioride and without any bias voltage on *he elec-
trodes. This test was to determiine possible RP breakdown in the phase shifter cell.
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Por 2 rectangular waveguide operating in the TE, , mode the maximum power handling
capability can be expressed by:

. 6.6 =+ (A 2
P=6,63x16 ab(xg) (Enmb (e~1)

whee:

P = Power in wutts
a = Width of waveguide in cm
b = Reight of waveguide in cm
A= Pree space wavelength
Ag = Waveguide wavelength (same units as are used forA)

E = Breakdown voltage gradient of the dietectric filling the waveguide
in volts/em

Other factors to be considered with the formula are the VSWR and intemal pressure,
The VSWR of the waveguide lowers the maximum power handling capability of the
waveguide by the reciprocal of the magnitude of the VSWR. At higher internal pres-
sures, the power is approximately proportional to the square of the density of air.
To determine ‘he maximum voltage between the clectrodes for the rated tranamitter
peak power of 5 me.; iwatts and for equal electrode spacing the following data was
used:

P~ § megawatts
a= 7.21 cm
b= 3.49 cm
A 10,74 om
Ag=16.1 cm

Solving for Emax gives

PA 12
F o " L - volts/cm (8-2)
6.63 x 107 abA

Using the operating data, one obtains, for an air-filled guide at the center of the
waveguide 4 maximum field strength, Epgy. of 21475 volts /cm, corresponding to a
peak voltage !cvel of about 73,000 volts, The maximum volage gradie™ of the wave-
guide with dry air is approximately 102,000 volts/cm. Therefore, a voltage break-
down of the phase shifter cell with only the electrodes in place cannot occur. The

69




dielectric constant of carbon tetrachloride is 2. 17 at room temperature and the break-
down gradient is increased by the same factor. j

The first test for RF breakdown was conducted in four steps. The respective average
power levels were 263, 660, R332, and 1050 watta. The highest peak power level
recorded was 1.5 megawatte., While increasing the peak power to about 2 megawatts
an RF hrecakdown in the harmonic {ilter was noticed. An operating tevel for the fllter
wus then established below the breakdown level. Table 8-1 shows that a peakpower
level of 1.5 magawatts was the maximum possihic power level for phase shiftcr testing.

The tests of the phase shifter cell filled with CCly and the pentaplate electrode con-
figuration in place showed that RP hreakdown at a peakpower level of L.5 megawstts
and an average power level of 1050 watts is 0ot & problem: {or the base solvent,

Subseguent tests were made of insertion loss as a function of carbon tet rachlaride and
carbon tetrabromide, see Pigure 8-2. The addition of carbon tetrabromide increased
the insertion loss by 0.5 dB over that of pure carbon tetrachloride. It i known that
CBr, has a higher affinity for water and this could have produced the slight increuse
in insertion loss. Another potential contribution to this increase in insertion loss may
be caused by polar impurities in the carton tetrabromide hecauac the available mate-
rial was not of spectrographic quality.

Table 3-1. Harmonic Pilter Operating Characteristics
ag a Function of Peakpower Leve!
(Duty Cycle . 0097)

Power Level l ,
“A\‘enge ‘F Peak { |
(watts) (Mw} Hemarks L
. ' } : e e e —
1050 | 1.500 Normal Pilter Operation
1
1300 | IR Gy Irregular Piiter Breakdown
1600 2,748 Consistent Pilter Breakdown
L 1500 i; 2,571 Consistent Filter Breabdown l
- - . . . - N N - . . Coe . e e e o o v a1

NOTE: The Varian filter was suppiied with a 10 megawatt peakpower rating for
continuous operation.
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The next step in the test cycle was 10 add magnesium to the OCY - CBry mixiure. The
vhase shifter liquid was compounded for 3 maximum of 90° p- 1se shift. Thit increased
the phase shifter insertion loss 10 1.0 dB. The phase shift data in Figure <-3 has been
obitained with this material. Electrode breakdowt occurred at the high appiied voitage
levels and the higher RP power levels.

After comoletion of 21} tests ke cletrnodes were removed {or inspectinr 10 determine
the cause of hreakdown. The anparent cause s anribuled 1o jesdl cient teflon coating
for aboat P ar. o5 ane of the edges of the electrode. The region of arcing, whick e
the canse of the hreardown, 8 only the cdge of one electrode located closest to the
woaveg uide tousing, Figure m—ta. Arcing starmted from e eicetrode cdge v the teflon
BupOn et mnng ne tellon support to the waveguide bouswg, Flgure *—4%h, Also shown

tn the ahserved thir portior of the teflon o0 of edge of the elet . The actual
onsel of arciry can be seer (0 e the six corners of the wiotrone. Pigure f—4c. Trese
are materia, noants of A gn dield intensity where arving aould be experted (o gtars.

Ancther et f Dhese prift data was tanen after the additinn of 0 devars of 1% sur-
fivtart Tergrtel, The important praperties of scrfactants, showmr r Yigrire 6-0, wis
she additinn of Tergito,, which reduced the inssrmior loss chardmeristicrs tn 5.0 ¢B
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Figure 5-3. Phase Shift vs. Applied Voltage for Various Power Levels

and, ir FPigure §-5, where the amount of phase shift obtained for a given applied voltage
18 ircreased over that obtained from the Mg-CCly -CBry diclectric only. The advantage
of adding a surfactant is shown in Pigure 8-6. This is the first time that the merits of
adding surfactanis have been shown ciearly. Previous work was primarily concerned
with keeping the muture of the liquid dielectric as simple as possible.

This 13 2 very important resgit 1t the sense that it appears possibie o allow even
further reduction of phase shifter insertion (ves 1t the zluminum -carbon Wirachiorsde
dielectric mhich has an insertion (088 of only one haif that of Mg-CCiCBry or 0.5 dB
maximucn, althover alyminum -based artificinl dielectrics of large particle size would
have tc be pumped. This conmderation makes it £ 06 more impnrtant o expion the
use of extremely small partxcies.

Lim:ted measurements of the change 15 imsertion Joss as a funclica of phase shiff exs
made af average power jevels of 33! and 525 watts. The resuits, Fagure 4-7 idicate
an vcreage of insertion loss by 5.5 dB.

The last bgh power lest performed was thatl of delermining any rewative taee atift as
a furction of power fevel, mee Figure 5-+. Conside ring instrumentali © ¢rrors oo

mus: cooclade that there 18 =y definile chamge o phase ohift as a fwuction of RF average

aower jevels WP tC e Kiiowat!, as tested. Thie is in a res sesae i reassunnyg reaswt,
wmasnwe s as it wdicates that RF ateraction winh the et es does 0t seem 10 take
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pilac s, although 3 firm conclusion to that effect cannot be drawn from the limited
cxperimertal data,

3 After tests with the magnesium bhased diclectric were completed, a mixture of alumi-
num and carbon tedruchloride was put into the test cell. Only limited tests could be
run sinee prolonged clectrode arcing at high applied witages had cstabiished a low
level of breakdewn. The Al-CCly iiquid exhibited breakdown at 166 watts aversge,
sec Table #-2, This problem was related te electrode arcing caused by aluminum
couting actinn, although this could not be verified from subsequent inspection of the
waveguide housing and the electrode zssembly. The results demonstirate rather
forcefully the reduction of obtainable phage shift when th: liquid is rapicly pumped
through the cell. It appears that particle alignment hy this tnas field is quite limited,
The effect ;5 simular 0 that of Krowman motion iself. waere particies are kept 1n
random oriemation and even Jimited orientation requires & certain threshold voltage
to vvercone the effects ol rowman motion.

; Table %-2, Al-CCly; Phase Shift Tests
{Power Level: 105 Watts Average)
L " R Skt It S R .....-‘__.._...._____‘_1
i \ , Phase Shift \ Insertion Loss E
. Applied . D e e
; . Voltage Pump Oin [ Pump Oft | Pump (n . Pump Off
4 Voltsy ‘ Deg.) ' Meg.) {dB) (@) ,
p— e e e+ oo o o e e s e e e e v st it e __1.’
p o : 0° 0.3 0.5 ‘,
e 45 1937 0,6 Electrode i
Arcing® 3
o . - e e L e s e o e [

T same set of electnuds were el for e entire testing nhase.
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9. SUMMARY AND CONCLUSIONS

Analytical and experimental studies were concerned with establishing the feasibliity
of developing 2 reciprocal. high power, analog phase shifter applying the principles
of electrically controllable ‘iquid artificial Jdielectrics.

The particuiar areas investigated were: phase shift cell design: electrode coating.
pumping systen.. n.ctallic suspensions, proteios. and liquid crystals. Low power
nieasurements of insertion loss, VSWH, phase shift, and response lime were made
1o describe the phase shifter performance. Suiequen! to establishing a high power
iacility capable of providing a peak power of 5 megawants al an sverage power level of
3.6 kilowatts a series of high power tests were nade with a magnesiun hesed arti-
ficial dieleciric conpounded {or a phase shift of 90° at a saturatiou voltage of ap-
proximately 500 voits. The device was testad 1o ),V MW peak power and | kW
average. Some dependenie of the hreakdown vellage and the power of the microwave
field was ohserved,

Two pi.ase rhilter electrode designs were evaluated by nsertion loss and VSWR
measuren.ents over the band of frequencies from 2.7 10 2.9 GHs. The insertion ioss
due to electrode coaliguration 18 reduced by mcreasing the hole size in the electrode.
This tends to e ,ualize the (low characteristics. It was also observed that the adge of
the single electrnde generat-d higher order nodes. A TE2y mode field was messured
at the discontinuity and 2 the redion of the eloctrode. The hest results. however,
were oltawned with » live-plate eiectrode configuration, All insertion loss peaks were
ehmunated. no moding was observed. and it has the advantage of providing higher
freld :nlensity weth low applied control voltage. Although the preseat pentaplate
des gr may not be optimuni, 1t certainly demonstrates that avemues for optimization
re avaclable,

All electrodes wsed are teflon voat=? 10 reduce potential reakdown problens, how -
ever. the results fron nigh power testing wdicated that the edges of the electrodes
stould e coated caretulls. recause the coating at the edges 18 wsueslly much thinner
than on the flat portion. The need 'or teflon coating may, however, he elimingted
altogether by usuyy a metallic suspension of comted particles that do nol paint.

e punpung swster was wed during eurly exper.menis to agitate the suspension

and p.ocoent the paracles from settliog out. A thorough study of the purmping requre-
nent and ts elffects on phase sh:it periornance was made with the concius;on that
mon:mg the liquad reduces the avaiable phase shift by as much as %, . as deron-
strated obur o high power testy with the AI-C€ ), sushem.  This s true for bodh
imanar st twetzlent (low, Thes stroegly supports thve prefer reg direction of phase
Shomter deseloprent beawse elin nation of the pusping svsten. was an early goal.
Woakep W phase ahuiter design as s omphe ad cost effen tive a5 possitile.
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C? all the hiquid systems tested the aluminum carboa tetrachloride dielectiric provided
the greatest phase shift, — 1000* at Ku for 200 volts rms without puniping; however,
tic particle size is Quite large and therefore intermittent puniping would be required
to Lrevent particle ssitling. Beyond that it appears that aluminum does have a tend-
ency (o paint the eleéctrode support surfaces thus cantributing to eveatuz] breakdown.

To climinate the need for 2 pumping system a new dielectric system was developed
consisting of magnesium. carbon tetrachloride, and carbon tetrehromide. Bath
liquids are mixed in 3 proportion to match the density of the liquid to cthat of the
magnesium particles. This densily-matched system s now stable in suspenaton,

at least for 2 months Ind does not require pumping. At the present time the amount
of obtainable phase shift is only about 507 of aluminum. This 18 caused by the large
particle size (10-20 microns}. Thas a given particle weight density has a much

low er particle nunber density, hence the recuced strainanle phage shift. The
density-matched system is also stable over a range of temperatures from about 15°
to $0°C,

Magnesium particles tended w flocculate; some experiments indicated *hat this could
be caused by water. This problem was solve * Ly adding a surfactant Tergitol. It
provided two additionz] benefits. Insertion loss of the Mg-CCl~CBry was reduced
from 1 dB to ¢, 7 dB and phase shift properties were increased for a 90° test cell,

Liquid crystals were also studied at Ku-band in an effort to find a one-componaiit
system. The nematic liquid erystals had a very high insertion loss. The cholesteric
types showed no absorption at Ku-band; however, it appeared that the duty cycle of the
Coner high voltuge power supply was not high enough to obeerve appreciable amounta
of phase shift. Five solutivas of liquid crystals in hexane or carbon tetrachloride
viclded a0 observable phase shift. These may also require higher voltages with

hign duty cycle nr even de because Liquid crystals generally tend to require highk
applivd clectric fields when used for displays.,

Proteins were examined or use as one-component artificial “lelectrice because

of *herr targe dipote moments.  Rince all of them are only woluble in either aater or
ethanol, thev do have hMgh absorpkion in the microwase reion and are therefore

aot usehul,

The effort to use lowest possible applied vollage for 460" phase shift with particles

in the size range of 5 23 microns does not produce fast response times. As
prodicted by the theory and verified 0y measurements the response time for particles
Itk an aserage diameter of about 19 microas and for an applied voltage of 14 volte,
Mo response Lime 18 about 1 sec. Since according to theory the response time

depe ds on the third pveer of the particle radius and approx. n.ately on the secosd
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power of the applied feld, two data points verifying ihe thwory have boen obtaised.
One data point was obtained by Buscher (7) in 1972 in which the particles were reduced
in size by one order of magnitude by ballmilling them for three deys and by applying

a fieid of 20 k\V' 10 obtain s phase shift of 360°, thereby ohserving a response time of
10 miicroseconds. As the theory shows, the strongest depsadeace for fast response
tunses is or particle size. This appears to be (he preferred direction of liquid phase
shifter developnent since it Joss nit require the use of high voltages, However, high
voltages do increase the potential for breakdown.

The rcsponse time behavior of small and large parlicles in suspensicn 18 theoretically
quite well understood. From our investigations it appesrs that a theory to accurately
predict response time behavior of large particles for very high tield streagth is not
yet fully developed.

The high power tests, although very succuossiul, were lLinuted to » peak fower level of
1.5 meygawatts and an average power level of 1030 watts, This limitation was 'mposed
tvv breakdown by the harnmionic filter at less than 2 megawatts. Alier approsimately
ooe week of testing, electrods breakdown by arcing war observed. Inspection showed
that arcing started from a coraer of cne clecirode nearest the waveguide hous ing and
was caused by the insufficient thickness of teflon coating on the edges .

From the analytical and experinental results obtawed on this program it can be
conciuded that the existing theory for metallic particle suspension has ien verified
at two extrenie points of response time providiog a scisd base of what can be expected
in future work. Although the results were oixained at different | requencres the
imphcations concerning respouse timie are stiil valid. The resulis also ndicate that,
for fast response time needs. sniall particles are desired. Moreover, they also
remain - slable suspens.on indefinitely .

L quid dens .ty matching techniques are very useful bt as a rule they uperate over 4
Linited range of temperalures. (A suspension of .\li);'('Cl_‘ ChHry 15 siable {or at

least two months. } The particles n the presentl. used suspension tend 10 rise at
15% and settle at about 40°C . whether this range of temperature can bw widenad 8

at present douhiful., The Juiportance of the use of surfactants lor reducing insertion
lots and increasing avadlable phase shift s also demomsirated and should be exploited
to {ull advantage Several problem areas have been highlighted 1n view of the results
oirawned and they pointl the way 0. oblawning betler performance ¢ Aaracters Lics.

It can twe coacluded that the approach seems feas:bie for developing a reciprocal,
nugh powner, low loss. anaiog phase shifter both simple o condtruction and Jow cost
& even »mall quantiiies . Direction for {uture wor 5 1o optirmize specihic performance
Llatne ter-sticy has bheen shown,

T sy




50

=3
.

10,

11,

13.

14.

15.

16.

10. BIBLIOGRAPHY

Condon, E. V. & Odishaw, H., Handbook of Physics, McGraw-Rill Book
Company, N.Y. 1938 p, 6-120

Encyclopedia of Polymer Science and Technology, Vol. 9 p. 553

Collin, R. E., Field Theory of Guided Waves, McGraw-Hill Book Comperny. .
N.Y. 1960, p. 512

O'Komski, C.T., Molecular Eleciro-Optics, O'Konski, C.T., ed, Msrcel Dekker
Iec.. N.Y.. N.Y, (To be published) Chapter 3 (The aathors wish to thank
Prolessor O'Konsk, for the use of this material belore publishing.)

Biottcher. C. J. F., Theory of Electiric Polarization, Elsevier Amsterdam (1954)

Frenkel, J., Kinetic Theory of Liquids, Dover, N. Y. N.Y. (1955) p. 205
Developmen. oi High Power Phased Arrays, GDE Report R-72-035
O'Konski, C. T., and Ztmm, B, H. Sclence, J, 113 {1950)

Benoit, H., Amer Phys., 6 361 (1951)

Southworth. G. C., Principles and Appi.cations of Waveguide I'ransmission,
D. Van Nostrand Company. Inc., 1950

Eskinazi, 8., Principles of Fluid Mechanics, Aliyn and Bacon, izc., Boston,
1962 p. 382

Relerence 11, p. 393

Reference 1, p. 6-124

Reference 7

Minford, J. J., et. al., J. Electrochem S.c..

Watanab:, H., et. al.. Biopolymers. 2, 91  19¢4

LB}




14,

1%,

Meier, G., and Saupe, A.. Liquid Crystals., Gordor & Breach, N.Y., 1957

McClellan, A. L., Tables of Experimental Digole Moments, Freeman, San
Francisro, p. 63

Relerence 4




