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INTRODUCTION

_The comnenent of the 1nctdent:nenochremat1c’e1ectr1c vectors 0“,
. that is normal to the surface of a high conduct1vitv part1c1e {nduces a tur-
face charge density which essent1a11y neutra112es the net normal component of
the field in %he interior. For sma11 ratios of part1c1e radfus a to free
space {or background medium) wave length A, i.e. 2ma/) < < 1, the Rayleigh-
Mie solution tc the scattered field applies. This is the.quasi-e1ectro-
static dipole componen* {nduced on a conductor in the presence of a constant

“longitudinal electric field.!

However the tangentialvconponent of the 1n¢tdent§°w vector must
also be considered. If the particle size fs larger than the skin depth,
the net tangential field will have attenuated to zero since enough reradia-
v tion will have been generated to cancel the incident tangential field com-
- ? ponent - the 1deal conductor‘Boundary conditfon that the tangential field

is zero. | o | | |
If the particle size 1s‘much less than skin depth, in submicron
range for RF - opt1cal frequencies, the tangent1a1 f1e1d may penetrate
.'vinto and through portions of the part1c1e thus driving the interior con-
- ‘«; j‘,,i» duction electrons and generating a vo?ume distrfbuted t1me-var1ab1e current

~ 'dens1+y source of additional scattered radiation.‘ For Ray]eigh size par-z

,ticTes with sma11 relative surface area normaI to the 1ncfdent field this
- }addftfonal contribution to the scattered ffe?d generated by vqume scatter«

‘*ving of the tangentiaTE fie’d component can be preponderant1y greater than

f? By this is signified the Ray1e1gn 11m1t of Mfe Scatterfng. M Born
fal» and E Wolf PrincipTes of Optics, Chapt 13 Pergamon Press. S
New York 1959. e : SR




o g -

that arising from the oscillating surface charge reacting to the normal

component of the 1n¢1dent‘§°m field, the Rayleigh-Mie field. Correspondingly,

- the incident field energy 15 more effectively discipated due to the (particle)

volume distributed Ohmic heating.

Given the efficiency in reradiatioﬁ absorption associated with
the (volume) scattering of the tangential field ircideat on a metallic
particle of dimensfons less than skin depth, radar absorbing technclogy
offers a relevant class of applications. Because of the size of the in-
dividual particles, high particle densities still offer negligible weight
penaltias in loading or synthesizing low permittivity background << - :trics
with a resultant dfelectric constant or permittivity that fs calcuizti= by

the Clausius-Mosotti? Lorentz-Lorenz? formula.

2 Jackson, J.D., Classical Electrodynamics , Sect. 4.6, John Wiley and Sons
Inc., New York, 1962,
3Reference 2, Chapter 2.




Th1§ study consists of 7 Tasks or Sections
which are surmarized balcw. o ,
1. DIELECTRIC PROPERTIES OF DISTRIBUTIONS OF SM
Establishes a more rigcrous derivation of th

of distributions of small conducting particles giv

coherent absorption fand reflection) showing a sen
1

L ’
size.

nal Field and Polariz

the objectives of

n L CONDUCTORS

- dielectric bropa?ties
ing rise to the

Eit‘fv‘ty to particle

ation

1.7 Metallic Particl- tatov
Develops a SamfeaE'tﬁenreticai traxtmant of
meta\lic.partic1e scattering problem glving rise t

polarization.

. |
matching theory extended %o include volume scatter

electrons in the limit of particle stze less than s

scattering concerns cnllistional plasma dinanics a

the suhedorsn

o ar effective particle

This includes the classical (Mie) bpundary condition

ing by conduction
tin depth, Volume

nd includes anomalies

and modtfications arising out of high incident fie
I

particiz size to e1éc¢vwa dan oo
o !

and particle shion Jotas ’ ' i
I

1.2  Composite Peymiftivity

Compos1te dielectric properties of dilute d%

micron metaTTf‘ =iriicles, Given the particle pof

the permittivi, ©

!
path ratios, ﬂ*wn*

1d thresholds, low

e g,

stributions of sub-

arizabi11ty, estainshes

- d1lute concentrations 1mbedd4d fn a uniform d1e1ec- ff

tric medium, recourse to classical constitutive r%lations for,di]ute rk‘iﬁv"

mixtures, Lorenz - Lorentz, Clausius-Mosotti formulas, eﬁc‘ul s




2. CONDITIONS FOR HIGH RADAR ABSORPTION

Studies in detatl the conditions for high radar absorptivity
in terms of types of metals, metal particle size range, particle number
density range, tolerable non-uniformity in particle distributicn, toler-
able particle concentration gradient, radar wavelength range, and surport-
ing dielectric materials for metal part161es that can be used for high
radar absorption,
3. BANDPASS CHARACTERISTICS

" Investigates precisely the bandpass (absdgption) characteristics

of a finite thickness of absorber volume with a given metallic particle
size., Studies vulnerability of the absorptive chaff function in terms
of {ts passive microwave and both passive and active optical signatureas,
4, DIELECTRIC MATERIALS

Surveys avaflable dielectric materials to assess suftable radar-
transpareht candidates that can be loaded with submicron metallic
particles to achie;e h1§h absorpt;vity and to satisfy component require-
ments for low Mach number afrcraft at intermediate and Tow altitudes.
5. MASS REQUIREMENTS

Determines the required weight of sutmicron metallic particles
for a specified volume of the atmosphere and supporting dielectric
materials.
6. PREPARATION STURAGE AND DISPERSAL

Reviews, analyzes, and prescribes the prepara:ion and sterage of

required submicron metallic particles and dispersal kinetics of the




particles in the #tmcsphere as a function of aititude and in the support-
ing dielectric materials, Dié;usscsntﬁgniifgfiﬁg§ of the metallic
particles in the atmosphere as a function of altitude and“;ﬁw;hersupporting
dielectric materfals, ‘ ' |
' 7.7 EXPERIMENTAL VERIFICATION
Gutlines initial exoer1m;g;;”f;;Vfherﬁété}ﬁqﬁgfiéﬁ Qf'hécessafy
parameters to verify the concept developed theoretically. Makes a cost

estimate for necessary experiments.

| REFERENCING OF APPENDIX DERIVATIONS
The above Sections are decomposed into subsectfons with appropriate
headings. Theoreticallderivations are included in the Appendices and are

correspondingly referenced at the and of each re1e:aht subsection.




1. DIELECTRIC PROPERTIES OF DISTRIBUTIONS OF SMALL CONDUCTORS
1.1 Metallic Particle Internal Field and Polarization

1.11 Integral Equation Formulation for Internal Field
30,8,
Literature review and analysis have led to the establishment of an

{ntegral equation formulation of vector wave scattering by a small con-
ducting particle of arbitrary shape, of critical dimensions less than

the skin depth of the incident cw radiation. The integral equatipn must
rigorouSIy satisfy Maxwell's equatfons including the full boundary
conditions for the electro-magnetic fields interfor to the scatterer, and
consistent far-field scattering generated by the effective current density
sdurces. The approach taken {s based on'the vector Green's Theorem, or
versfon of the classfcal Stratton-Chu {integral formu1at1or:;;:;;zed to

include {nduced surface charge. The following integral equation is a

consequence of the formulation depicting the electric field vector E

as the superposition of induced current and charge density 3& and f’

respectively.
E=-furf{iwrdb-putf g, 0

The particle dimensions are small, the largest dimensfon ranging from
much less than the free space wave length to less than skin depth, and
the smallest dimension less than skin depth. The essential properties

considered in detail for such small particles are
3) Pef 1 Sect 2.4, 4) Ref 2 Sect 9.6,5) J.A. Stratton and L. Chu,

6) Ph¥s. Rev, 56, 99, 1939
ver 5., Microwave Antenna Theory and Desiqn , Rad Lab Series 12
Sects 3.8-307T McGraw Hi11, New York 1949, : ]

7) Kleinman, R. Llow Frequency tlectromagnetic Scattering {n

Electromagnetic Scattering edited by P. Uslenghi, Academic Precs
New York, . . o




a  Internal field is predominantly static zone.
b Interplay of incident tangential field vs induced surface
~charge produces net effective field driving the
conduction electrons. Here particle shape properties will
modify the respective field components.

¢ Because of the small dimensions the internal field is approx-
fmately constant amplitude. Estimates of the deviation from

constant value are established'by perturbation expansion
of the interval field integral equation. :

A basic requirement in the analysis 1s a careful correspondence with
Rayleigh-Mie Theory in order to identify possible points of departura.
The 1ntegba1 equation.(l) for vector wave scattering By a small Rayleigh
size conducting particle of submicron dimensions describes the internal
elactric field as arising from three interrelated sources: the incident
field, the volune generated field produced by the driven cdnduction
current, and the opposing Coulomb field of the induced surface charge.
Here the derived integral equation with assumptions a, b, ¢, displays

a novel form which permits direct physical 1nterpretation of the de-

- polarizing f1e1d for eiectromagnet1ca11y isotropic materials as depend-
ent on the aver?ge sol4d angle subtended at the interior by the portions o

of the particle surface that are normal to the incident field.

=~ ' X ! . ‘
EP L9 po c{gEP‘P + A_%‘SJS;EPQ‘\}*,. E, 2)
where the polarization of £ 1s along the Z axis and
AkoR o
v & = L , R= \r-xl
| R R .




Then it follows that for E, constant on the inner surface ...
E, = -som (4, Ep ice (a5, 9 L)
- "R T W “o(R)+E o
Note that the depolarizing factor De is

Bx 3455, (%) =Sdstam ey (k)

Surface component normal to &~ dS (g ) 2 ds.
Solid angle subtended by dSy = ds;i,(-’i) = dR

Hence, the depolarizing field is shown dependent on partfcle shape

in a simple, ekp'l‘ldt way. The case for a spherical particle of sub-
micron diameter, less than skin depth, {s dirécﬂy solved for the in-
terior field by perturbation theory to first order in the volume current

contribution, _ ,

E,= {1 - 42 (P~ mkEITE, (4)
= 4

ReSdno(L) =

€= fay'ey ¢ ‘Lg-"r : } for sphere
The result coincides with the Rayleigh-Mie solutfon, but with a small
spatially vary1hg volume current correctfon. It verifies that the
integral equation formulation is indeed consistent with Raylefgh-Mie
theory, in the 1imit of vanishing particls size, with explicit identi-
fication of the finfte size corrections. [Appendix Section Al]




‘1.12 Spheroidal Particles

The case for non-spherical Rayleigh particles has then been
fnvestigated using ellipsoidal shapes where at least one dimensfon fs
s;.abtnfcron. Each component of the internal field that lies along an
ellipsoidal axis {s then formally derived in the same manner as in thé
sphericalcase, but 1ts explicit evaluation depénds on an elliptic in-

tegral for the depolarizing factor displaying the departure from

sphericity.
=y ic( T2y
E={1-4Z (Ru)-pk, & )} E, . | (5)
P = 2T Sldg Q q. Qa3
€ 4 (6)

(!4-4',.),‘(&4; it (S+al N

The cases of a spheroid or ellipsoid of revolution have explicit closed

form expressions for the depolarizing factor. Deﬁne. the eccentricity

L] 1 1
e in terms of the major, minor axes, &1 + QA2 s e¢ = (a.-a\ )

Q > Gy : respectively. ar
. N
T, | + &
1ate spheroid, Plt)-‘._’.‘.’."(!-e J] £ L, (11 ) _y
profate sprero ¢ o ; (.*es |- (7)

oblate spheroid, P‘(, = 31T - d - /-p,‘ t ywl -

As indfcated in the general form of the internal field {integral equa-
tion (for isotropic materfals) the depolarizing factor {is effectively

proportional to the average solid angle subtended by that portion of




the particle surface that is normal to the incident electric vector.

Thus » long t]in rod will have an orientation which offers small

depolarization, similarly will a thin flake. This is borne out by the

apprupriate 14m1t1ng values of the depo1ar121ng factor for prolate (rod)
i
‘ and oblate (f'llake) spheroids.
| ~ For Q 22!  (p becomes

. a, .
prolate (rods& /2 ) =~ /4 ) t A, {_1' ) : (9)
oblate (disks;) ‘&I(’) ~ TT"' '2"" (10)

As 1n the sphérica1 case a small spatially varying perturbation correction
to the depola#izing field contribution for the 1nfer10r fieid is
determined in terms of the induced volume current. These results indicate
corroboratfcn with Rayleigh-Mie theory and 1ts more extentions of thin
o filament and thin flake theories, p.e. Greenberg®, Kerker®, Swinfo,d'}

with further perturbation corrections displaying finer structure volume

i ) reradfation effects. It is to be mentioned that the depolarizing effects

- of gecmetric shapes may be amplified or reduced by electromagnetic
anfsotropy (multiply refractiQe crystal structure), a topic diséugsed

by Kerker?.

¥ Greenberg, M., Focusfng on Particle Shape, Light Scattering By lrréqularly
SMpRei.Ea.r.r.L:J.u, Scheyerman, Ed, Plenum Pres 0
i serkeriggg Scattering of Lq"g% ... » Chapt 10, sA’cal\‘dee;'mvc° Pkr'es“s'ngew
or |
1Swinford, H, Electromagnetic Behavior of Radar Absortina Chaff (RAC).

Technica1 Note 354-43, June 1975, Naval Weapons Center, China Lake,
Californic 93555.




The general solution is then established for the forward propagating
“{nternal field of a Rayleigh/submicron size conducting ellipsoid of
arbitrary orientation relative to the incident plane polarized micro-
wave field. The resultant field vector consists of the internal field

_components projected along the 1nc1dent f1e1d direction.

(5'35 {’__ ‘__ (k)..fultué )} Ec (Co!((. ,8x )>(‘n)

J.{‘;-d"’(Pc«) w‘-‘)f E o (12)

Averaging over all orfentatfons gives rise to one third the sum of the
three depolarizad field components derived for each alignment of an
ellipsoidal axis with the incident field.

The formulation thus developed leads directly to the treatment o7 dis-
tributions of dipole scatterers comprising an ar£1f1c1a1 d1e1éctric
medfum. ([Anpendix-Section A2] . |

-1.13 Polarizability of Non-Magnetic Particles

The polarizabilit{es of three basic particle shapes, sphere,
rod and flake, are derived using the fntegral equation formulation 1n
which the depolarfzing field is depicted as depending on the avefage
solid angle subtendéd at the‘;;;f161e interior by the portions of its

surface that are normal to the incident field. The resultant depolar-

1"

-




izing factors in (7), (8), giving rise to internal field cancellation
effects, are consistent with established results for non-magnetic
conductors. They imply size ratios for negligible depolarizing effects
consistent with (9), (10) of

A \Infp + bl fy, (13)
@ ¢ £
flake 2, :a_ (8)

The particle polarizability X {s defined here as the electric dipole

" moment per unit particle volume per unit electric field (in contrast
to the usual definfition as total dipole moment per electric field)

- L (L §ev
& = (0 %v,%G ) = j;’ T AR § ') (15)

=z & !
W .o A ')
(i TRTE, [ (e
I *
The 1imiting values of the spheroid depoIariz1$g factors are summarized:
|

|

-~ small sphere - depolarization factoL.is a constant,
"~ corresponding to an average 1nterna#f5011d angle of (477/3)

- flake ur oblate spherofd - depolarization decreases with
aspect ratfo of thickness to dfameter. For non-magnetic
conductors {pmz|) 1ts threshald lower 1imit 1s of the

order of square root of frequency to conductivity
" (esu-cgs), below this ratio the depolarizing effect
fs negligible.

12




- rod or prolate spheroid - depolarization has jreatest
decrease with aspect ratio, width to length goes as
the square of frequency to conductivity - the square

~of the oblate, flake, case as geometry would imply.

It appears that, for a single small nonoﬁagnetic sphere, reduction in
size to submicronAdimensions offers 1{ttle or no improvement in re-

- radiation efficiency err Rayleigh size particles. The Rayleigh-Mie
theory still applies unless other particles are adjacent with inter- |
particle separatfon along the field tangential direction is of order
of the particle didmeter, That is, for an isolated particle, the sur-
face charge density induced by the normal component of the 1nc1dent
field will cancel much of the tangential and internal field driving the
conduction electrons, thus generating a weak internal current density.
The presence of adjacent particles w111 neutral{ze or short circuit
the {induvced surface charge and enhance thé {nternal current, thus
simulating the improvement 1imft for small aspect ratio flakes and

rods. [Appendix-Sectfons A3 - A5, E ]

1.14  One and Two Dimensional Propagation Models - Absence of
Depolarizing Field

A sfde issue considering transition to lower dimensional wave
provagatfon and scattering has been trcated in Appenﬁ1x F for the
case of randomly distributed very long and thin parallel rods or films..
Here the induced depolar{zing field {s totally absent and the probiem
reduces to the scattering of an incident field by 2(rod) or 1{film)

13




dimensfonal plasma or metal “"particles”. The continufty of the
tangential electric and magnetic fields then permits a direct Born
perturbation series solution for the scaitering amplitude of a single
*particle”, the counterpart to the 3D dipole moment. It {s shown that
the convergence condition requires the "particle” thickness be less

than skin depth.  [Appendix-Sectfons A5, E]

1.15  Conductivity Dependence on Particle Size

The effect of particle size on conductivity arises out of
boundary or wall reflection enhancement of ane electron momentum trans-
fer coIlision'frequency. This gives rise to the anomalous skin effect
and the conductivity is a decreasing function of particle thickness to
electron mean free path ratio. A literature survey and some supporting
analysis has been carried out. Wilson?, 1965,summarizes theoretical
and éxperimenta! results for thin films and wires, extrapolaticns are
befng developed for spheres. The data indicates that reductions 1n
conductivity of an order of magnitude for particle sizes of interest

are to be expected.

1.16 Effect of High Incident Electric Fields

The electrical conducfivity is a decreasing function of the
effective collisfoa frequency, primarily due to scattering by the
thermally vibrating fons, with impurities, strains, etc. piaying an
important part at low temperatures. As a consequence, the conductivity
values vary inversely with temperature, as T'1 to T's for normal

to low temperatures respectively (w11son’5. The internal temperature

11) Ref. 9 Sect. 3.4.3,
12 Wilson, A. H., Theory of Metals , Chapt. 8, Cambridge 1965.
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is broport1ona1 to the thermal energy which is unaffactad by low fields.
However, ¢s the internal field energy increases above the mean thermal
energy, the effective temperature becomes porportional tc the mezn in-
cident power. 'A threshold for the onset of this non-linear'effect is

determined by the so-called “piasma - field", described by Ginzburg'?

and others. For metals, this corresponds to fields of the order of

106 volts/cm. Because of the high electroconductivity, this nonlinearity

in metals 1s almost unattainable in practice.

1.17 Highly Magnetic Conductors

Analysis has been carried out of the 1ntegra1>equat1on determin-
ing the electric field internal to a high g conducting‘sphere of
radius v upon which {s incident a plane polarfzed electric vector.

It §s shown that a neceséary condftion for constant fnternal electric

field is r < 2\ /;;rr ﬁ‘].;n ) " N free space wave
Tength (esu, cgs)

When this inequality is violated the assurption of a constant {internal

field feads to contradiction. The physical significance of this posed

condition is based on the high value of m giving rise to a strong:
current-driven transverse field generated by and in opposition to the
oscillating electrostatic depolarfzation field. Thus within a submicron

thick layer of the order of the skin depth of a particle of Rayleigh

dimensions, r,

conditions for cancellation of the depolarizing field should exist,

giving rise to more efficient RF absorption.

'3Ginzburg, V.L., Propagation of Electromagnetic Yaves in Plasma, Chant .8,
Pergamdn, MNew YOFK, 1378,

15

Nl Sy D Xﬂz’wl/'v"ﬁ) (17)

.




1.18 Thin Layer Spherical Shells

A first order analysis has been carried out of the absorbing
properties of thin layered, magnetically permeable, conducting spheri-
cal shells, and is extendable to spheroids. The shell radius ¥s and
thickness §re are assumed small enough for the interna1 field to re- .
main constant. Hence the sphere is of modified Rayleigh cize

e £ )ATTVT« *. The shell thickness § v has two ranges of values:

. a trivial limiting value of vy = rs, a solid modified

Ray1eigﬁ scatterer, and

. §r¢ c < ¥s , a very thin layer.

The latter case of a very thin shell signifies a ;orrespondingTy small

internal depolarizing field, since the average solid angle subtended

by the induced Coulomb field is small. As a result, the Yongitudinal

(electrostatic, charge-generated) and transverse (electrodynamic,

current-generated) fields are comparable and small. Therefore the {n-
cident and internal electric fields should not differ substantially,
This is borne out by analysis. The integral equation for the internal
field is solved as a perturbation about a constant value in a layer thin
enough so that both transverse and longitudinal fields are small, with
the transverse field exceeding the depolarizing field. The convergence
condition for the thin shell approximation of a constant internal field
requires that the shell thickness to radius ratio, 5}3,/?3 . Se of
order of or less than ore third of the square root of the frequency

to conductivity ratio

Svfey £ (Fir /3 (18)

*The term modified Rayleigh used signifies t*e;«"k reduction {n size,
unmodified Rayleigh thus refers to settingy =/ .
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scribed by it

ordinate system in which the wave equation is separable and where the

o —— —— i . S

and thus, with the mcdified Rayleigh particle size'requirement, 1eads
to a shell thicksess ¥ less than skin depth

Iz dkn = € Samifped ~(19)

- Under this thin "Rayleigh" shell approximatiorn the polarizability of a

shell dipole is predominantly imaginary. [Appendix-Section A7]

1.19 Extended Analysis of Internal Electric Field Egdafioﬁk

A more comprehensive treatment of the electric f1e1d'(wave)
equation internal to the conducting particle has been develcped in Ap-
pendix A7 to verify and sharpen the conclusions derived by the
perturbation solution to the Stratton-Chu based integral equation that
nas been used. This latter integral equation form depicts the internal
electric field as due to the sum of the incident field and the reaction
fields afising from the induced surface charges and volume currents.
The more detailed treatmentvassumes the Rayleigh condition, namely
pﬁrtic]e siz%‘much less than free space wave length. The internal '
fiéld wave e‘ggtfon is homogeneous, source-free, with the medium de-

! .
complex permittivity. By choosing an orthogonal co-

"radfal" coordinate 1s constant on the particle boundary (ellipsoidal
shapes are assumed), the problem simplifies to one dimersion with a
homogeneous solution requiring two arbitrary constants. One of these

constants 1s eliminated by requiring finiteness of the solutfon at the

origin.

17




Interior Equation

(gt K*)E =90 (2¢)
2 _ @ (1 44 4_10')
with solution T et w
= c E£¢) (21)

where E? {5 finfte a* ellipsoid origin, and bqundary shape
defined by § = const.

The second constant is specifiad by substitution of the homogeneous
solution into the Stratton-Chu 1ntégra1 form relating the various
incident and 1nduced fieid contributions. This leads to the boundary

integral equations

0=t (o5 (s -pa. EN+ i (tse P + £ )

Substantfation of (23) in (24) results in the value of constant C as

iy
C =§(i+ ‘1{&)5(5)-“"5-&-)(9,?)5? E, (23)
This method has the advantage of {dentifying the functional behavior
of the internal field. Generaliy for large particles an infinite set
of constants is necessary since the field is not essentialiy a function

of one variable, but the Rayleigh smallness condition reduces this to

the one dimensional, tractable form.

The analytical results indicate that the internal field at the inner
boundary ﬁf the particle is closely approximated by its small radius

1imit. But this inner surface value exponentially decays with a skin-depth
pennetration distance, reaching its minimum at the center. This quantita-
tively describes the expected result of a surface layer (particle size

peymitting) of skin depth thickness in which the penetrating field is

18
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absorbed. The material bounded by the penetration layer is ineffective,
hence offers "excess weight". However, the penetrating field can be
very small due to surface scattering when the spheroidal part1c1e has

a large depolarizing factor. [Appendix- Section A7]

1.110 Spheroidal Metallic Shells, Neqligible Depolarization

A thin spheroidal she11 of thickness less than skin depth, as
described previously, offers neg1igib1e scattering with the additional
requirement that the depolarizing factor of the shell be small. For
spherical shells, this small depolarization condition requires a thick-
ness to radius rathafﬁ/ﬁgless than the frequency (esu, cgs) to con-

ductivity ratto “/o, that is

Srs/r‘ < 39 fyno , @w=amwf(He,) (24)

For spheroids, the ratio would be more like

er/n Z w/f%a' , for @ the depolarizing factr= of the

spheroid.

" In addftion to very high aspect ratfo (length to thickness) conducting -

rods and disks, thin shelled coaductors also of?er high absorption effici-
ency. But they offer obvious practicaldifficulties in manufactufing

and structural stability.

19




1.111 Metallic Coating of Ultrafine Dielectric Particles

However, the deposition of submicron metailic iayers on fine,
non-conducting, particles 1s a developed techrilogy. Various methods
" are avaflable for the metal coating of fine Jielectric particles. As
early as 1963'"the coating of fine particles for industrial applications
has been a topfc of R&D. Techniques include chemical precipitation

methods, metal spraying or condensing metal vapor. Investigation of

the fine particle coating'methodo1ogy is being pursued and will be

discussed further.

Thus for small metallic coated particles cf'non-conducting material,
scattering {s predominantly due to reradfation by the net induced
charge across dielectric discontinuities while absorption is associated
"with the resi§t1ve.0hm1c heating loss of the resultant internal field
within the metal layer. With a very thin metallic layer, less than
skin depth, and a small depolarization factor within the layer, the

maximum fi{eld penetrates and correspondingly maximizes the absorption.

1
Loftman, K.A., Coatings Incorporating Ultra Fine Particles ,
Ultra Fine Particles, Eds Kuhn, Lamprey and Sheer, Wiley, New York, 1963




1.112 Conclusions Cn Metal Layered Spheroids

The following summarizes the results of recent analyses

Rayleigh particles considered, g L L )o Aﬂ‘rf‘ s
conductors »

Absorption of internal fier within a layer of skin depth
thickness
S skin depth —o excess mass

If particle dimensfon g
&£ skin depth —> max absorp-

tion of depolarized
~ internal ?5 1d.

extinction cross section,

0,'_' (r) : . mass of absorbing 'léyer
: mass of particle
O Cresendents ) = skin depth

particie size

Metal coated dielectric-insulator part1c1es:
Metal layer acts as absorber. If metal layer thickness less

than skin depth, have appreciable transmission through
____ layer, hence appreciable absorption. A distribution of
such particles represents Rayleigh dielectric scatters plus
absorbing skin depth layered shells. For a dilute distribu- -
tion, absorption effects predominate.

. High m (ferromagnetic) layers:
Allows much smaller thickness, mass, for the same effect.
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Restrictions on metal layer thicknass:

If the metal layer {s too thick, for its surface curvature, the layer
depolarfzation factor cﬁn be apprectiable, thus diminishing the 1ntefna1
field and the absorptfon. The layer thickness to shell radfus ratfo

3
‘h/m £ U/‘-['ﬂ' o suffices for negligible polarization
within the spherical shell., For non-spherical, 1.e. spheroidal shells
v L W
§ 3//;3 < /62 o4 | |
is expected, R = depolarizing factor.
It then follows that magnetic particles can have

Cw.
frs 2 ©rs [p.ps zskincepth = Chrfred) ™)

Thus maximum absorption {s achievable since the entire incident field

{s absorbed. [Appendix Section A8, A91

1.113 1Internal Field Spatial Dependence

The internal field spatfal dependence on the dominant radial
coordinate was determined for l1imiting cases of Ray1e1§h-size sphero{ds
of submicron thickness. The wave equation for the {nterior electric
field was approximately solved as an ordfnary differential equation
in the dominant coordinate. Finiteness at the origin and substitution

fnto the Stratton-Chﬁ equatfon form to mati:h boundary conditions then
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. permitted evaluation of the 2rbitrary constants of the so1ut1dn.

The functional forms of the solutions are summarized [ Appandix-Section A8 ]

TABLE 1 FUNCTIONAL FORMS OF RADIALLY DEPENDENT FIELD SOLUTION

ProPerty Limiting R
Tl Radial Internal Field
d Particle Shang Coordinate Form
Sphere Radius C (Sin kr)/r
Oblate spherofd disk | Thickness ¢t otkx
Prolate Spheroid rod Thickness ¢ 3, (ko)
Radtus Zero order Bessel
function

for k = effective propagation vector magnitude in the medium.

The spatial behavior fndicates an exponentfal attenuation of the

depolarized field at the surface, extinctfon within a skin depth ";k
o o
= b (K) - :

- 1.114  Thin Shell Approximation, Depolarizing Factors

penetration

The depolarizing factor for any Rayleigh-size part1c1e has been
derived as the average solid angle subtended within the particle volume
by the induced electrostatic surface charge. Thus for the depolarizing
factor of a thin layer, the soY1dbang1e integral 1s subjected to a
small variation along the surface normal. The results then refer to
3 Tayér of thickness Jk » much less than the curvature radius of sur-

face,:"/r‘. The ratio of the layer depolarization factor, d’f’, , to
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the factor for solid purticle,?{ is then proportional to the relative
thickness of the layer 5'3//;3 . More specifically, a summary {is

preéented in the following Table 2.

TABLE 2 L.:ITING DEPOLARIZING FACTORS OF SOME SHELL SHAPES

Shell Shzpe A (so14d) ; SR (1ayer) f

Sphere | . 4n/3 I 8n/3 :§
Oblate Spheroid ‘ ;

disk - w*(aa/ay) n*(8r /ay) f
Pro1a::d8pheroid (2m1r2) (az/2,)? | (Zwlné)(a,/a,)(Grs/a,)

where 3, = minor axis, a,; = major axis, a,/a; <<1

It 1s <een that for sufficiently small depolarization, in the case

of a spherical shell the only recourse fs,a very thin layer since

P o« 413 « const.

For the spheroids, higher aspect ratiosidenote lower depolarizing factors
(in the direction of the smaller axis).' Thus ihe depolarizing factor

of a thin spherofd layer has two "degrees of freedom", the aspect ratio
of the spherofd shape, and the layer thickness. This signifies that ‘
higher aspect ratio spheroids require less stringent conditions on thé
layer thinness for acquiring negligible depolarizing factors. The mo#t

relaxed conditions 1oply to the prolate spheroid. i
|

The reduction of the depolarizing factor denotes that penetration of

the incfdent electric field strength s undiminished by surface charge

induction. However, the 1imiting penetration depth 15 stil1l the skin
|
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depth of the pérticie or layer. Spheroidal layars of thicknesses
~ greater than skin depth absorb less efficiently per unit mass since
the attenuated field negligibly affects the'ihﬁeriiéyer conduction

electrons. [Appendix-Section A10, Al1]
1.2 Composite Permittivity
1.2 Permittivity Formulation

A general formuiation is established for the composite dielec-
tric constant or permittivity and resultant power reflection coefficient
of diiute concentratfons of varities of submicron sized metallic
particles imbedded 1n a low permittivity medium. Slab geometry has
been considered. [Appendix-Section 81-83]

1.22 Compbsite Permittivity

Coherent forward scattering over a band of wavelerngths {s of {nterest
so that the mean separation between particles must be less than a quarter

o7 smallest wave length (in the supporting medium).

The classes of particle shapes consfidered in a general mixture are:
submicron spheres, submicron thin prolate spheroids or filaments and
oblate spheroids or disks. The latter spheroids have varying depciariz-

ing factors.

Dilute concentrations of each particle shape class, namely, volume
fractions much less than unity, are assumed. The net polarizability of
each species fs then established, and, with the corresponding volume
fractions, the Clausius-Mosotti-Lorenz - Lorentz expression for the
effective permittivity € is then developed for the mixture. It is

given expressfon in terms of the conventional ratfonal fraction form
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of the wefghted average of species polarizabilities, &

.-
3 -
| + ¢ Z Fp
€ = ) > \
2
|—?;Fk§x o : (25)
- 25 1
O = 1 2 %p(§) ol th) = LT . -
“ 45 <2 e R e g, )

K = particle species, particle of volume Av,

1 = 3‘1.‘: axis parallel to incident L‘:vector, 4} =(1,2,3)
F; = N.aVe = Volume fraction of l(th specfes. [Appendix Section B4]

1.23  Power Reflection/Absorption

The Frasnel based power reflection coefficient R for slab
geometry 1s then established to account for "first reflection”
effects due to the discontinuity In refractive index, from free space

to the cubstrate plus dipole mixture. For normal incidence

pe|f-t|’

Ve -+ .

" The power transmission coeff1c1ent {s then one minus the reflection
coefficient for an absorbing medfum of sufficient length. Absorption is
implied 1f there 1s an imaginary part to the composite refractive
index, the square root of the corresponding dielectric constant (this
is equivalent to the dielectric constant h;ving a negative real paft
or an imaginary part). The absorption is an Ohmic heating effect and,
thus refers to an extinction depth within the absorbing medium. The

‘effect of dilute concentrations of non-absorhing scatterers in the
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composite medium is to increase the abscrption s1i3htly, due to the
correspondingly reduced group velocity associated with the real

refractive index. [Apopendix - Section B4 ]

2. CONDITIONS FOR HIGH RADAR ABSORPTION

2. Principal Contributors *to Absorption:

The contribufipns cf the various speciec to the over;11 poWer

absorption can then be directly {dentified from

‘o—_-———-—-"‘) <Pe>ﬁ' )

€ = 1"‘ 3 (sw(!ﬁs +€ o (27)
F 1
I~ T e S30R)
where ‘ |

Fi denctes volume fraction of all particies with very small depolarizing
factor components

in ). = S: < &J’QT' .

and Fa N <: 'l' :> refer to volume fraction and mean reciprocal

depolarizing factor of partfcles with greater depolarizat1on
(R), > W/r -
The most efficient absorbers are those with lowest depolarizing factors

Thus filaments and disks with high leng*h or diameter to thickness ratios
produce the dominanc absorption. Spherical particles which are electro-
statically isolated from each other, with minimum separation distances
of several diameters have a large, constant, depolarizing factor of
4/3 , and thus absorb inefficiently as Rayleigh scatterers.
However, analysfs.of the electroﬁtatic coupting between adjacent spheri-

cal particles has been carried out. .ir-cadix Ceetizn 227
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2.2 Depolarization Reduction Due to Close Electrostatic Interaction

The physical situation concerns thz zancellation of the depolari-

zatfon field of a spherical dipole due to induced interacting fields

- from adjacent particles. A linear array of dipole spheres, aligned

with the fncident electric vector, and with arbitrary separation dis-
tance between pairs of sphere centers, was 1nvestigated tc determine
the mean effective depolarization field at the interior of any one
sptare. First order results indicate that a mean separation between
centers of a 1ittle over a diameter would cancel the depolarization
effect. This 1s an expected result since the Vinear array forms a
string of particles simulating a filament. Correspondingly it in-
dicates an obvious way of generating filaments from linear clusters
of submfcron particles. Similar conditions obtain for two dimensional
arrays, simulating disks or flakes. The thickness of the clusters must
remain of submicron-dimensions for RF in order to permit tangential

field penetration. [Appendix - Section E]

2.3 Linear Filaments or Planar Disks as Submicron Clusters

Submicron spheres arranged in linear or planar clusters will then
produce the optimum absorption because of their negligible depolarization

field. The maximum dimensions of these respective clusters are then

9,10

given by the corresponding values for the actual filaments and disks

(Kerker, Swinford).

2.4 Resonance Absorption

The power absorption coefficient for normal {ncidence and planar

slab geometry in the case of optimally or resonant absorbing filaments
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or clusters take a particularly convenient fdrm as a simple function
of the dimensionless variable, (3, as the produci ov the volume fraction
and ratio of conductivity to frequency (cgs-esu) for resonance absorp-

tion of type 1 particles

N 9 Fl (28)
extinction depth Xy
Xy = A |

ZW}MVZ ‘ - , (29)

. Power reflection coefficient R

. absorption coefficient 1.R

{

‘ X
. absorption or extinction depth to wavelength ratio-%%
"are summarized in Figure 1 thch {ndicates absorption for

2 high conductivity metal would requfre a volume fraction(A>99%)of

-4

10 at |10 GHZ, with an extinction cross section per particle volume

L ;
. of 107 and absorption thickness of .5 cm. [Appendix-Section BS]

2.5 Shell Distribution Ref1ection/Transm1ssion

The conventiona11y formulated mean d1e1ectr1c conctant or e?ectric
permfttivity 1s established for a concentrat1on of spherical shells un-
iformly distributed in r2414 and of thicknesses 1ess than the skin depth
of the highest frequency in the band width of the incident field. The
resultant permittivity indicates refTeZtion/transmfssion coefficients
of slab geometry that compare with the;resonaht conditions of long

filaments or thin flakes, {.e. such dilute concentrations of particle
! - :

|
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 sti11 absorb. This outer Yayer thickness ¥s estimated by the shell

shells produce virtually the maximum attainable absorpticn. This is to
be expected since depp1;r1zation is negligibla in the shell, The

problem is that of realizing such thin conducting shells, essentially .

small tenuous meta!lic “bubbles". [Appendix-Section A10, BS]

2.6 Application to Solid Magnetic Conducting Spheres

A suboptimal result {is dassociated with more easily manufécfdré&"
solid spheres or spheroids. It concerns the thin outer'absorbing layer
of magnetic conductors over which the incident tield is constant, un-
modified Rayleigh size particles in the sense that ¥z < Ah
But because of the permeability u* conditions pefmit the predomfnance
of the tangential over the 1nduced, depolarizing, fields within a skin
depth size layer Grsk . Beyond this layer the tangential field becomes
negligible, the inner core depolarizes and substantially cancels the

incident field. The particle size requirements for this layer absorotion

are .'h/wv'; Lrs < )/zrr . (39)

Thus highly magnetic (w>>1) particles can be of very small size and

model and the composite permittivity is determined now for "fatter"
scatterers with an inner core that scatters purely Rayleigh. The
absorption is sti11 high but efficiency is reduced by the preponderant
mass of the unmodified Rayleigh co}é:iﬂfﬁeraﬁéﬁng‘of hass of solid
sphere required to produce a given high percentage of absorption now

is increased over the shells by a factor of the order of |/$E .

Thus for small, high u particles, appreciabie absorption may take place
* M is tge AC permeability u(f) that must be considered as indicated in
Sect. 4.2.
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over a broad band which can extend to the optical region. Conditions

for this merit investigation.

3. BANDPASS CHARACTERISTICS

3 8~ -1d Band Effects, by a Composite Dielectric Slab

Consider the band pass characteristics of a composite dieiectric
consisting of a dilute concentration of spheroidal conducting particles
of conductivity o (sec™! , esu cgc) which display this negligible de-
polarizing factor "resonance" at an RF frequency fo (Hz). These par-
ticles ma} be assumed high aspect ratio disks or rods. Thus shell or
layer counterparts, as well as spherical layers are assumed supported
by non-conducting cores. The particulate distribution {s supported in

vacuum, or in a dielectric substrate of high transparency.

In order to formulate a broad band abscrber, over frequencles, f, < f2,
from a distribution of such resonant depolarizing scatterers, the
following requirements are necessary.

. Mean particle depolarizing factor, say ﬁ:) must be of order
of or less than ratio of lcwest in-tand frequency to conduct-
ivity. _

Pe Z ZTT‘fo/a-

(This will eliminate electrostatic depp]ar1zation).
. Representative particle or layer thickness &r must be of order

of or less than skin depth Srsk of highest band frequency
S‘Y < fr;,, (.1“1)

(Maximizes ahsorntion to mass ratin)
. Length of dfelectric "slab" must be greater than longest

wave length of band of interest, corresponding to the longest
extinction depth of the attenuating medium.
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3.2

Band Edge Definition

-a) High frequency edge f >f,

b)

In this case.the constituent particles of the composite
dielectric have thicknesses greater than skin depth. As the
penetration depth approaches‘and exceeds skin depth the net
tangential electric field, which is the dominant cohpohent,
undergoes cancellation, eventually giving rise to purely
"elastic" non-absorptive scattering by the Rayleigh dipole,
(sti11 in the Rayleigh-size regime). The effect of tangen-
tial field cancellation 1s expressed to first order as a

down scaling of'the volume fraction of scatterers} F, by

the ratio of skin depths Grsk as

FO/FR) = Shath) /v ch) = (A )%

Hence for a particle size rs < 6rsk(fz), a frequency of

f>2f , will result in an attenuation reduction of

: Y |
DB attenuation (f) = - [ _‘-J o -
08 attenuation (f,) f o

Low freqﬁency edge f < f, _
The lower frequency limit on effective absorption signifies
the onset of dominant depolarizing effects. The lower limit

f, must fulfill

fizok |
where P  1is the lowest depolarizing factor, associated

4

33




with propagation along a spheroid thickness or shape
direction. The extinction depth for in band frequenciff
{s independent of frequency. F'or‘ a frequency fz 0'& ’
depolarizing 1s.signif1cant and absorption is weak with an
extinction depth that depends on wave length. The ratio of

extinction depths X,  "in band" to lower frequencies {is
-2
L 1) i oy
X¢ (+) dwrgn T (33)

Thus lower frequency components can tunnel through the
optically thin slab medfum. If we set the lower band
frequency f; at the depolarizing threshold

£, - Po/aT .
The attenuation A of frequencies f lower than f, tends to
follow the relationship

= 23(f/£)"
(A )y, ( )

Thus a reduction of 50% below f; will result in a degradation

fn attenuation effectiveness of 6 DB.
3.3 Summary of Absorption Band Requirements

% 100
" Absgroticn ! ,
L >

A(f) o &" £ L} 3
Absorption band (f,,f.) rz.

metal (particle) thickness < skin depth of highest frequency S

T,
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A
particle concentrations f3(A > 953%) =

= ::-é:--;-l- : Bmar < g
or Fn- 4 %’,éﬁ volume fraction
Slab length »LD> >, = i_rf';’.d.
Absorptfén Band Edgés 7 _ ("2- )-i
2 fo <f Acs) =(4’_f_f;_‘) *7 xiao
4 a,
n ASE Alf)= (’_?_%))W")Hw

3.4 Reflection Considerations

When the negligible debolar‘lzing factor condition {s maintained
and concentrations allowing coherent effects are assumed, the composite
medfum power reflection coefficient, for normal slab incidence is an
increasing function of thr dimensionless parameter /3 = ”F‘/zv{: »

Fes the volume fraction of the absorbing metal. 1n reference to Figure 1.

High reflection, greater than 95%, occurs for values of/3 greater than

10;‘whﬂ'e' greater than 95% absorption arisas forﬂ less than. 4 .

3.5  Band Width Requirements (f,, f.)

Fdr reflection, the requirements are similar to absorption as
far as the skin depth - particle size condition on the highest frequency

f, 1s concerned.

An increase in frequency resulting in a decrease in skin depth thickness

also reduces the reflection efficfency, expressible as a reduction in
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the effective volume fraction of scatterers.

The lowest frequency f; also refers to an extinction dapth, but this
fs !the effective skin depth (6rsk) off of ihe composite medium, much
less than the slab Iéngth Ls'

max (Srsw ), £ L (35)

sfgce the dielectric constant approaches - 2. A reduction of reflec-

t1§n by 20%, from 95% to 75%, for example, arises from a frequency
i . ey
1n;rease of 2.5 times the upper 1imit f, taken as cr'Ei .

3.6 Optical Frequency Considerationé, Incoherent Scatterinn

| Because optical frequencies are orders of magnitude greater
than RF, the condition for negligible depolarization P¢ £ a.Tr-F/a- has
a smaller upper bound. The conditicn for Rayleigh scattering'requires‘
paft1c1es with largest dimensions in the submicron range, and thick-
nesses one or two orders of magnitude smaller. Coherent effects
further requiremean particle separation of less than 1/4 wave length,

9

unrealistic number densities of 10 or higher. Hence incoherent

scattering effects are much more realizable for optical frequenciés.

Corresponding to the skin depth for coherent scattering {is the Beer

law extinction depth for the incoherent case. This is the depth within

whych the total scattering cross section matches the beam frontal aréa ' l7,

'>Van de Hulst, H. Light Scattering by Small Particles, Chapt 19,
Wiley. New York, T957

16Reference 1 Chapt 13.

'Swinford H. and W. Cartwright, A Short Derivatinn nf the Ahcaprntive
Scattering Properties of Short Filamentary Chaff, N.W.C. Technical
~2§gg;andum 3718, March 1979, Naval Weapons Center, China Lake, California

36




When depolarization is negligible the scattering loss is absorptive’

3 to 104 particles / c¢

(Swinford '79) and a dilute concentration of 10
will require an absorp*ion thickness of a few centimeters for wave-

“lengths from 1 to 10 um. Otherwise, withllarge depolarizing effects,
a compensating increase in number density by a factor of greater than
10°

dehsity, the slab thickness muét be ;orrespondingTy increased.

would be necessary to keep the same thickness. For constant number

3.7 Passive ngnatures, Radiometric £mission
R.F.: For resonant depoiarizing particle sizes, the active
conditions for high absorption and reflection 6ver a band f;, <f2 Hz

correspond to the passive conditions of high and low emissivity. The
one-way active extinction and composite slab skin'depths then corre-

spond to the opt{cal thicknesses of the emitting media.

Optical: The {incoheren® scattering properties of concentrations
of resonant particles have bzen discussed above. For this class of
part1c1é, the composite medium is absorptive and thus radiates at the
mean temperature bf the constituent particles (and dielectric substrates)

within an extinction depth thickness.
Given conditions for active coherent R.F, reflection or absorption over

a band f, <f; GHZ in terms of "resonant™ or efficient abscrbing particle
sizes, concentrations, and slab thickness. Since the particle sizes are
assumed too large for optical "resonznée" penetration, the passive optical
signature of the part1c1es-1s‘ea511y shown to bg 1ns1gn1f1cant with the only
optical radiometric contribution ar1§1ng from the dielectric substrate.

Thus in a near vacuum the radiometric temperature of such a particulate

cloud is purely background.
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4, DIELECTRIC MATERIALS

41 Radar Transparent Dfelectrics

A review of technical and commercial 1iterature has been under-
~taken to assess radar transparent dielectric material that can be
loaded with submicron metallic particles or metal layer granules to
achieve high absorptivity and satisfy component requirements for low

Mach number afrcraft at low and intermedfate aititudes.

The frequency range 1 to 30 GHZ has been considered for radar trans-
parent materials. Materfals providing low loss tangent, less than .0003,
with sufficifent rigidity for experimental testing of principle, and for
use in opérat1ona1 afrcraft are poijyaurethane - polystyrene based,

and are commonly used by manufacturers. Emerson and Cuming, Canton,
Mass. fs very well known in the technology and has been taken as typical.l®
The dielectric constants 1ie in the range 1.02 to 1.1 implying 99.5%

to 97% transmiss1oﬁ. The technique of producing so-called artificial
dielectrics by loadinc pure dielectric material of reffactive index
matched to air by small particu1atethas been well established for

radar reflectors and lenses, while éve1opment of radar transparent
‘materfals has been essential for us||1n all weather radomes and for
streamlined radomes of high speed missfles and afrcraft. For strength

to support air loads a thin radome is supported by a low dielectric
constant (K < 1.1) polyeurethane foam, that serves to ho1d a radar
‘rerlector (ECCO Reflector Trademark). A typical design s described

as capable of withstanding velocities of Mach 2 for several mirutes.

At velocities of Mach 3 and above, ceramic radumes and ceramic foams

would be necessary. _
18 (uoma, E, ECCO REFLECTOR BROCHURE, Emerson and Cuming, Inc.,

Canton, Mass., 1976
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The extinction lencths, extinction cross-sections and mass require-

ments for high absorption have been summarized.

4.2 High Permeability Effects for Weak Incident Fields

‘ Sufficieﬁt1y high permeability of some ferromagnetic conductors
can amplify the absorption efficiency by significantly reducing the ex-
tinction depth requiréhent. While the conductivity of some non-magnetic
metals, p.e. Al., Cu, exceeds that of the ferromagnetic types, the
PTOdUCt)gfg determines the effective particle no1ar1zab1?1tv,a§ a result
high u;}f composites predominate in absorption eff1c1ency. But this ampli-
fication effect applies to weak 1ncfdent fields, far below the satura-
tion 1imit of the absorbing particie, where the incident magretic field
1fnéar1y drives the magnétic induction. Thus the absorbing particles
must be remoteTj 1ocated from the RF microwave source, as in radar
applications. The most effictent solid shape is the prolate spheroid
or rod of low aspect ratio, thickness to length 6f ]ess than 10'3 for
non-magnetic conductors. }hfs stringent aspect ratio can be relaxed

for *igh Mogs materials, translating into aspect ratios of .@i;ffx TO°3.

* Composite Permeability Mos

Except for determining the skin dépth, the particle polarizability
is relatively insensitive to u, however in a concentration of high u
particles, the overall effect on extinction or absorption is related to
the product of the effective medium permeability Meff and conductivity O
“effa‘ Thus the improvement in absorption, over a non-magnetic conducting

pifticle with the s:me conductivity, is obtained by replacing & by Hog T
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This Hers {s the composite permeability of the medfum, however, and not
the specific u of the ferromagnetic metal.
4.3 A.C. Ferromagnetic Permeability u’¥)

It 1s also the case that ferromagnetié materials display the greatest
freduency dispersion in permeability for microwave frequencies!®. One
interpretation of this dispersive effect {s that at some critical frequency,
the direct action of the field will be opposed by the eddy current field so
that movement of the domain boundary is 1imited2®. Thus the D.C. u undergoes
some modification and reduction. Herver, fine particles comprised entirely
of single domains, of micron or less dimensions display high A.C. permeabiiity

that may be comparable to the D.C. value.

4.4  Form of Permeability Factor

Thus the static permeabiliity p must be replaced by p(f) its micro-
wave counterpart. The effective permeability Pers of a distribution of Tow

depolarizing or demagnetizing factor particles then 1s

19 gozorth, R., Ferromagnetism, Chapts. 17, 18, Var Nostrand, New York 195
20 Kittel, C. Theory of Structure of Ferromagnetic Domains,
Phys. Rev. 70, 965-71, '
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4.5 Metal Coated Spheroids

Highly efficient absorption can also arise from distributions

- of metal coated ultra-fine dielectric partic]esﬂ where the relative

thickness of the metal lTayer 1s sufficiently small to eliminate the

internal depolarizing field, while the absolute thickness is less than

the metal skin depth. Because of fhe larger spatfal volume occup1ed'
by a spherical shape, the extinction depth {s also correspondingly -

larger, in comparison with lower aspect ratio spheroids, however

the mass requirements remafn small. Ferromagnetic metal coa;ings can

only improve the efficiency by raducing the extinction depth for all

. layer shapes.

4.6 Dielectric Loading
In the case of dielectric loading, a permittivity of less than

2 for the dielectric wi11.produce less than 5% reflected power at normal
incidence. Polystyrene is one example with a very low density of

.05 gms/cm3.
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5. MASS REQUIREMENTS

The extinction lengths, extinction cross section and mass require-
particlie volume

ments for high absorption have been summarized.

The following Tables 3 and 4 offer a brief summary of the absorption
properties of various particie distributions, both, parametrically
(Table 3 ), and for specific materfals, aluminum and fron (Table 4 ):

The symbols and terms used in Table 3 and Table 4 are defined -

(cgs - esu ~ Gauss unfts are used)

F volume fraction, Fm metal layer, Fp particle
u effective magnetic permeability =
AN I A RV TIRELYS)

b - 3 3

g conductivity

c 11ght speed

P depolarizing factor

p density, fn metal, Pe dielectric core
6r4, relative thickness of layer

u(f) A.C. ferromagnetic permeability.

Extinction depth X4

xg0) = Mortmee—)

(Extinct1on Cross Saction)= FG
Particle Volume d

Mass requirements for greiter than 95% absorption over a frequency band,

) x 10

Y c 2
foin 10 frax (Hz) =p "d“ gms /M

max
The term "resonant" is used to denote 1imiting low thickness to length aspect

ratio for negligible depolarization, Po < 1073
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6. PREPARATION STORAGE AND DISPERSAL
6.1 Metal Coating Techniques : .

Ultrafine non-metallic particles of low densfty,'coated with‘a thin-
skin depth or less-laver of conducting metal,.offer efficient RF microwave
absorption. Coating techniques include chemical precipitation metal spray-
ing or condensing metal vapor's. Of particular 1nter§st is the reduction =
of metals from solution by hydrogen and the extension of this technique to
thelmeta1 coating of powders. by the Sherritt process has been described in
Reference 21 In the case of nickel, which is also of higher magnetic
permeability, it {s indicated that the only materials that would be
expectéd td be completely and evenly coated with metal (nickel) by hydro-
gen reduction techniques would be those tﬁat are as at least as effective
as hydrogenation catalysts as the metal in question. The Sherritt process
6ffers a surface activation treatment of nickel by establishing surface
activation centers with water insoluble anthraquinone. This method has

also been applied to the preparation of nickel coated glass.

23

5.2 Production of Non-Spherical Metal Particles 22,

~ Micron size metallic particles are generally inefficient absorbers -

unless they form the constituents of filaments or flakes with very low
depolarizing factors. Some methods of producing met211ic dust particles
give rise to filament dr flake shapes as well as highly irregular surfaces
which may offer substantially Tow depolarizing factor components. The

following are among such methods -

21 B, Meddings, W. Kunda, and V. Makiw, Preparation of Nickel Coated Powders,
in Powder Metallurgy, W. Leszinski Editor, Interscience, New York, 1960.

22 R, Dixon and A. Clayton, Powder Metallurgy for Engineers, Machinery
Publishing Co. Ltd., 1971 (England)

23 Bgakensto, A., Commercial Methods for Powder Production, in Vol. 3. Iron
Powder Metallurgy, Editors Hausner, Rolland, Johnson, Plenum Press,
New York, 1968, 25 ;




Atomization - a furnace melted precision fed atomizing jet stream.

Electrolytic Technology - electrolytic deposition of powder flakes that
are easily crushed to powder.

Reduction of Oxides - reduces high grade ({iron) magnetic concentrates,
produces sponge iron - easily pulverized.

Mechanical Grinding - Used in manufacture of flake powder.

Hydrometallurqy - precipitation of metal powders from hydrogen.

24, 28
6.3 Production o7 Fiber Sized Particles

Fiber shaped non-metallic particles that can be used as non-

conducting cores for metal layer deposition can be generated frum dust
or powder by means of a vibrating fluidized-bed principle. The powder
s placed into a vibrating cylinder (made of metal or glass) and dried
gas is passed vertically through the powder layer, farming a fluidized
bed. The aerosol generation {is controlled Y the equilibrium state
developing between the disintegrating and reagglomerating of the powders
or fibers in the surface layer of the vibrating bed. The vibration
breaks the cohesion between the particles or fibers so that they are
free to be carried away by the gas stream. This method permits dust
clouds of constant concentration to be generated for periods of several
hours or several days.

6.4  Acoustic Aqqlomeration of Aerosols?®

The above method has some similarities to the method of acoustic
agglomeration of aerosols where a fixed mass »f powder is exposed to an

acoustic pressure field. The numbir density of small aerosols decreases

2% spurny, K., Fiber Generation and Length Classification, in (6).
Generation of Aerosols and Facilities for Exposure Experiments,
K. Willecke, Editor, Ann Arbor Science, Ann Arbor, Mich., 1980.
25 Shaw, D., Acoustic Agalomeration of Aerosols in Reference (25).
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-as the aerosol size increases by agg1omerat16n while ‘the total mass remains
constant. Acoustic aerosol generation has been successful in the USSR by
growth rate control. Both ultrasonic standing anes‘and prqgressive sawtooth
waveforms of the order of 100 Hz have Sean effective.

6.5 Whisker and Filament Production??

The manufactUring of materials in ihe form of metal fibers, or
whiskers, are of importance in metallurgical technology because of their
exceptionally high mechanical resistance. These whiskers have a very-high
length to diameter ratio with diameters in the micron or submicrdﬁ range
and lengths of the order of meters. Hence by segmenting or controlled
growth they can be the basis of production of resonant absorbing filaments
or rods, Rayleigh size in length, skin depth in diameter. The technique
of unidirectional solidification achieves in a‘sing1e'prncess the on
site growth of fibers. These whiskers are based on a technique for the
fabrication of continuous metal filaments with growth from the liquid
state called EFG - "edge defined, film fed growth". They consist of con-
tinuous monocrystals with micron diameters and meter lengths.

6.6 Opposing Jet Classifier 2°

—-- A jet of particle-laden afr is directed against an equally strong
axisymmetrically opposéd jet of clean air. Higher inertia part1c1e§ deviate
across the air streamlines and cross the f1uid‘interface between jets,

while lighter ones are carried with the original afr stream. Once separated,
the two particle fractioﬁs can be directed to any desired location for
further size c1assifi§ation.

_ This method provides -

’ Piatti, G., Preparation of New Multi-Phase components, in Proceedings of

the International School of Physics, Enrico Fewnxi,Cour<e LXI, Edited

by G. Caglotti, North Hoiland, 1978,
. Willecke and R. Pavlik, gppos1ng Jet Classification, in Reference 25.
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. Sharp particle size separation above and below a desired aero-
dynamic cut §1ze with both effluent particle fractions remaining in the
airborne state.

. Permits extraction of narrow particle sjze range from a poly-
disperse aerosol cloud. | '

Present research is focussed on the suppression of the edgetone effect
and the elimination of high particle losses for small separation plate
hole sizes.

6.7  Dispersal Techniques 2°

Some dispersal techniques commonly used in pollutant health studies
are

1) Dust Generators Utilizing Scrapers -
Here a scraper centinuously slices particles from a container
of powder, which may be compacted into a cake. A common device
{s the Wright dust feeder where the powder is compacted into a
cup at fairly high pressures forming a hard cake. A geared
mechanism rotates the cup across the scraper and an §1r flow

entrains the scraped particles.

2) Fluidized Bed-Dust Generators -
Fluidize dust materfal to be aerosolized.

Fluidize mixture of larger inert particles and smaller
dust particles.

2% y, Marple and K. Rubow, =-- Concepts and Parameters, in Reference 25.
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The fluidized bed is comprised of the {inert metallic particles. For a
constant output from the generator the particles are transported from a powder
holding chamber to the fluidized bed by a chain conveyor system driven by a .

variable speed motor which controls the dust quantity delivery. .

6.8 Particle Storage and Aging

Stored particles 1nrd1e1ectr1c material may'undergo change in their
properties due to aging with time and chemical reactions with tﬁe material.
Aging may be caused by oxidation and/or solid-solid diffusfon. The oxida-
tion and diffusion'rates can be estimated {f the composition of the dielec-
tric material is known. Thé composition of most dielectric materials can
be obtained from the manufacturers and the rate estimation could be made.
1f we take'the Al particles because of their low density, the oxidation
rate of Al, which is fast, needs to be compared with the desired 1ifetime
of theirs in the dispersed cloud. If the 1ifetime desired is larger than
the oxidation time, the particle needs to be coated to slow down oxidation.

6.9 Aggjomeration Prevention

-

Techniques of the particle preparation have been described previously

and not repeated here. The small particles of some metals may agglomerate

easily due to cold welding effect. For example, pure aluminum particles
agglomerate easily under pressure, but 1f they are coated with a thin (a
few tens of Angstroms) layer of aluminum oxide they would not agglomerate
easily for the same cond1t1dns.‘ Various coatings can be used to prevent

agglomeration but not to change their absorptive properties. For example,

‘a metallic particle coated thinly with a non-reactive teflon would minimize

agglomeration. The particles in an appropriate liquid medium will remain

dispersed. Thus, agglomeration can be prevented by various techniques and
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the most suitable technique can be evaluated analytically and then followed
by experiments.

6.10 Dispersal Kinetics of Aerosol Sized Particles?? 3!

In the dispersal of micron sized metal particles by means of the
free expansion of a sustaining (inert) gas under pressure in the?manner
of aerosol ejection, two. simple physical models apply

{
|
|
a) Isothermal expansfon of] sustaining gas in vacuum or neas vacuum
conditions. ' |

b) Adiabatic expansfon of sustaining gas.

a) lcothermal Expansfon in Near Vacuum Conditions

Here the ambient pressure is neg1fgfb1e, hence the thérmal |
energy of the sustaining gas remains constant Ss {ts density decreases through
expansfon. Thus the number of momentum iransfer collisions imparted to a
particle moving in steady state with respect to the flow fs proportional
to the local gas density. The equa%1on of particle mass conservation or
continuity then establishes the inverse square relationship for the evolved

density p at a radial distance r ﬁuffic*ent1y far from a localized emitting

source of density o of dimension'ro

2

r
P afy —2; » ¢ indefinitely large

r .
b) Adfabatic Expansion of Sustaining Gas in Ambient Atmosphere

This applies to atmospheric conditions. The sustaining gas ex-
pands fsentropically to ambient pressure conditions (d15p1ay1ng;some hydro-
static buoyant behavior) and achieves a finfte confining volume!to the par-
ticle distribution as a 1imit to the expansion mode. A single pu1se source

of initial density Po volume Vo and pressure Po will then expand to a volume

3!‘
* N. Fuchs, and A. Sutugin, Highly Dicrs:sed Aerosol
Science Publishers, Ann Arbor, ¥ich., 1970. 2+ Chapt. 9, Ann Arbor

** Brock, J. The Kinetics ~7 i trafine Particles, Aerosol Micr i
sl i s crophysics I,
Particle Interaztin~, £d. W. H. Marlow, Springer Verlag, New York, 1980.
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and density
2 : 2

3 P\3
) e ()

A sequence of pulses of constant over pressure will result fn a time
increasing particle concentration within the confining vo1ume,‘giVEn by

setting P ® bot. Loss of particles in the volume V {s due to a slower

- diffusion process, thus, in order to maintain a steady concentration of

particles, the rate of amission must balance the diffusion rate. Because
of the enormously greater mass of thé solid particlevit is expected that
the diffusion loss would be very slow, requiring small incremental correc-
tions to the emitted output. '

6.11 Analysis of Mass Pequirements for Absorption

Parametric analyses have been carried out to formulate the mass re-
quirements or mass rate requirements for the maintenance of a high degree

of RF - microwave absorption at high altitudes.
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Idealized Model - Spherically Symetric Source (Within given

solid angle)

Radially Symmetric number density o

Require Transmission at Ry to be less than 1%

Leading edge of density wave at Ré

‘Because of 1/R2 dependence of density transmission at

R1IF R2 > > R] (R2 = 10 R]) is same as transmissfon at
R1 = R0 with uniform density from R] to R.

INCIDENT WAVE

Ooy iy
ABSORPTION VS. PULSE DURATION
1.04— — —— ~—  —
S
. \ \
NN
\ \
\ \
N\

o 4 8 12 16 20 o2b

TIME IN WNITS OF Ry /Vg = Mx/Vo

Figure 2.- Deployment Parameters MNear-Vacuum Aerosol Dispersion

Figure 3.- Absorption vs Pulse Duration Effectiveness
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“he following summarizes the idea® 1imit in deployment parameters/aerosol

properties

for the first order model described.

TABLE S SUBMICRON METAL AEROSOL CONCEPT EFFECTIVENESS SUMMARY

FREQUENCY PARTICLE ABSORPTION | MASS REQUIREMENTS (>90% ABSORPTION
BAND SIZE LENGTH “MINTWUM  [TOTAL MASS {1000 SEC.
(resonant rods) Vo =1 fps = .3 MPS
X-L <1.3x 1079 oM 30 cM |15 x 1073 gms 15 4Ms
L-vHF | <4 x10°5 on 3000 cM | 489  eMd 900 aMs
X-ViF | < 1.3 x 105 cm 3000 cM | 489 eMd 900 aMS
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MASS REQUIREMENTS GMS - NEAR-VACUUM EJECTION
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7. EXPERIVENTAL TESTING

The simplest, first order approach {s recommended for test of

principle, the measurement of the powér reflection and transmission co-

efficients of a d1e1ectr1c'p1ate before and after loading with dilute con-
, _

ntrations of particles. The requehc1es concentrations, particle shapes

d particle constitutive propebties are prescribed by the theoretically
rLdictgd reduirements for effictent absorption. Shaﬁe classes include very

low aspect ratfo solid metal (aTumfnum) filaments and'f1akes, moderate

aspect metal coated spheroids, including spheres, of low permittivity

dielectric cores . . polystyreqe cr polyeurathane for example. Ultrafine

particTes'or layers of ferromaénetic metals of very high permeability

(1ron, permalloy) should also be tested.

i

’ ! 32
A typical experimental configuration for RF measurements entails

a dielectric plate "window" be#ween shielded enclosures. Transmission and
iref]ec;ion measurements can th;n'be mace for a discrete set of RF fre-
ahencies. Basic calfbration ﬂ# the maximum dynamic¢ rangé‘is obtained with
~ the window entirely open, andfwith it closedby‘a totally reflecting metal
plate. The frequency range 1% froh 0.1 to 10 GHz. The costs for experi- |

ments or measurements are expected to average $600. a day, and a'week'of
iz v
testing should be considered. .

| ! ! . :
Similar smaller scale Teasurements can be carried out by standard

, | 33
broadband microwave network reflection measurements .

32 paprker W.H., GENISTRON RFI/EMI ANALYSIS CAPABILITIES, Genisco Technology
. Corp., 1981, ' :

Lance, A. Introduction to Microwave Theory and Measurement Systems,
McGraw Hill, New York, 1964,
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Another well-known organization in the field of research development
and manufacfﬁring of radar absorbiny dielectrics!® has quoted* preliminary
estimates for the generation and testing of the desired loaded dielectric
plates. The dielectric base would be a Tow permittivity dielectric such
as polystyrene or polyeurathane of K < .1 in the GH, range. The generation
of several plates 1 or 2 feet square with different recipes, {.e. solid
filaments, solid flakes, metal coated spheroids, would cost in the
vicinity of $10,000. Free Space measurements are preferable and are
routine for them with costs of $100 per sample/pc.: frequency, with the
maximum frequency range of .1 GHz to 10 GHz. For a first order test of the
principles a more practical band of 2 to 3 GHz could suffice, with perhaps

discrete frequencies of .1 GHz separation.

*t. Luoma, Chief Physicist, Emerson and Cuming Corp.,
Canton, Mass., has offered this information in private communication,
13 August, 1981,
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SUMMARY AND CONCLUSION
The internal field of a Rayleigh conducting particle is depolarized

at its inner boundary, with the depolarizing factor equal to the average
1nternai solid angle subtended by the component of the incident electric
vector that 1s normal to the particle surface. Thu§ spheres have a con-
stant depolarizing factor of 4#/3, while ellipsoids, and (ana1yt1éa11y
more tractable) spheroids of Veﬁy Tow minor to major axis - aspect ratios
can have very low depolarizing factors. The depolarizing factor dependence
with small aspect ratio prolate spheroids or rods varies as the square of
the aspect ratio, while for oblate spheroids, it varies directly with the
aspect ratio.

The depolarized inner boundary field then is skiﬁ depth attenuated
within the particle, the inner core remaining unaffected and offering excess
weight. With one or more dimension Tess than skin depth in the submicron
size range for RF-microwave, the internal field can be substantiaf}y con-
_stant and the volume power absorption to mass‘ratio or absorption %fficiency

maximized for the given deplolarizing factor. Thus suitably orientad sub-

~_micron particles with negligibly small depolarizing factors, of the order of

or less than the conductivity to applled frequency ratio (esu cgs)‘offer the
most efficient absorption since virtually all of their conduétion electrons
participate, |

The absorption properties of Rayleigh sized spheroidal metal shells

are sim’ in principle to the solid particles, The metal shell or layer
ﬁurrounds a low permittivity (near free space) 1ight weight spheroidal
shaped solid dielectric. The th1n shell signifies a reduction in subtended
soTid angle, within the metal layer, from that of the solid spheroidal shape.
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For the shell, the depolarizing factor of the underlying spheroid shape

§s multiplied by the shell thickness to sem{ major axis ratio. Thus the
more stringent requirements on solid particles for negligible depolarizing
factors, requiring aspect ratios of less than 10-3 (rods) to less than 1076
(disks) are reduced for their thin shell counterparts since higher aspect
ratio dielectric cores can be used. On assuming a shell layer thickness of
a micron, the required depolarizing factor for a prolate spheroid should

be numerically less than its semt major axis, while for an oblate spheroid
less than one percent of the semi major axis is fhe numerical upper bound
on the depo1ar121ng'factor.

For high permeability ferromagnetic materials the conclusions are.

similar to the non-magnetic case. However, for efficient absorption the
Rayleigh size criterion must be reinterpreted to its modified form requiring
a reduction in the conventional Rayleigh dimension bound by the reciprocal
square root of the permeabtlity. This is necesszry in orderAto prevent the
large eddy current induction from'cance111ng the incident fiald under Tow
depolarizing geometries. The skin depth coﬁditian for efficient absorbing
sti11 applies, with the proper inclusion of'permeab111ty in the skin depth
expression. Thus the particle dimension or layer dimension may be appreci-
ably smaller than submicron,

The presence of neighboring particles acting as electrostatic

dfpoles has been shown to produce a negligibly neutralizing effect on the
depolarizing fleld except for high concentrations, with inter-particle

separation of the order of particle diameter.
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Non-linear effects dua to high internal fields are unlikely for good

conductors‘because of the vory high electron plasma field that must oe

surpassed.

Particle size effects on conductivity can be significant when the

dimensions are exceeded by the conduction electron mean free path in the
metal. Fér submicron dimensions the rise and persistencé of incoherent
wall scattering effects would reduce the conductivity of a typical metal
particle to one tenth of its bulk value.

The composite permittivity of dilute concentrations of metal and

metal-layered spheroidal particles has been established fhrough the con-

ventional Clausius-Mosotti, Lorentz-lLorenz formulation - the determination

07 the mean polarizabilities, dipole moments and consequent polarization

of the particle distribution. In the case 6f efficient absorbers, the
Fresnel power reflection coefficient for slab geometry and nbrma1 incidence
{s a function of the dimensionless variabfe - the ratio of the product -

of conductivity and volume fraction 1. app1fed frequency. Under these

conditions the required volume fraction of efficient aluminum 1ike absorbers

6

for greater than 95% reflection 1s of order of or Vess than 107, while for

greater than 95% absorption a volume fraction of less than 10°° is required.
For absorption by dilute distributions the extinction depth is comparahle to
the wave lenqth of the incident field.

The following conclusions appl, t~ absorption band requirements for

a dilute slab distribution of efficient absorbing particles. For greater

than 95% absorption in the band from a minimum of f; to a maximum of f,

Hz:
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. The particle thickness should be less than the skin depth of the highest
frequency.

. The maximum wave length A;, should be less than the slab thickness.

Frequencies higher than f, will not penetrate the partfcles hence the net tan-

gential field will tend to zero, wave lengths greater than A, will tunnel or

leak through the entire slab.

Reyond the absorption band edges (f,, f) the attenuation decay (or trans-

missfon rise) 1s sharply defined, with a steeper decay at the upper frequency

f2.

For reflection band considerations over (f,, f.) the higher concentra-

- tion of efficient absorbers gives rise to a sharp jump in the magnitude of

the relative permittivity toward the value -2, resulting in high percentage

reflection.

. The high frequency f, condition on particle size is similar to the ab-
sorption case. ‘

. The low frequency f;, condition, is. imposed by the fequirement that the
effective slab skin depth be somewhat greater than the maximum wave length
A1, again, to prevent tunneling.

The passive RF-microwave signature of the compcsite dielectrics, used

for absorption or reflection is black body radiation at the temperature of
the particles concentrated within the extinction depth or skin depth of the
slab distribution. |

The gptical sfgnature of such composite dielectrics is predominantly
dependent on tﬁe optical scattering and emissive properties of the supporting

dielectric substrate. The optical back scatter cross-section is rcughly the
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sum of the individual particle areas for Mie scattering hence, of the
order of -Td to -20 DBSM. The passive optical signature of the metal
particles is virtually negligible.

Radar transparent dielectric materials are available for loading

and,experimenfatfonrwith operational manufacturing and tesfing techniques
in standard practice. Polyeurathane = ponstyrenerbaséd mater1a1s'offer
Tow loss tangent, very c1osé to free space‘permitt1v1t1es, 1ight weight
and sufficient rigidity for experimental testing. The weight requirements
for typical dielectric substrates such as polystyrene are}of the order of
5 kgms per square meter for absorption of 1 GHZ dr higher frequencies,

Distributions of ferromagnetic conductors can improve absorption

efficiency by significantly reducing extinction depth reqhireménts, pro-
vided tﬁat the effectfve permeability of the distribution is high. This
requires effictent size particles, of Tow depolarizing or, demagnetizing,
factors that retain a high A.C, permeability, achfevable through selection
of particle sizes of magnetic domain dimensions or less, in the submicron
range.

~ The extinction lengths, extinction cross sections and mass require-

ments for efficient absorbers (referred to as resonant absorbers), as well as
inefficient ones of high depolarizing factors, have been summarized para-
metrically and for the specific cases of aluminum and iron. The solid shapes
requiring minimum mass are oblate spheroid disks of aspect ratios less than
10'6 and pro1ate.spheroid rods of aspect ratios of less than 10'3. Ferromag-
netic conductors that retain a high permeability, of the order of 106 (Gauss

units) over the fréqpency bands of fnterest would comprise the most efficient
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materials. Non-magnetic conductors such as aluminum, with conductivities

17 -1

of 10"/ sec ~' densities of 2 gms/cc offer extreme efficiency in absorption

with requirements of 10'3 gms per - square meter for greater than 95% absorp-

tion.

The extreme aspect ratios requirements for disks and rods are reduced
for metal layered spheroids of Tow permittivity Tow density material like
po]ysty}ene, while sti11 maintaining a mass per unit area requirement that
is comparable to the solid particle distribution.

' Metallurgical science, motivated by a variety of industrial applica-
tions unrelated to electromagnetic absorption, has emphasized fine particle
technology for more than two &ecades. fherefore established and referenced
techniques exist for the metallic coating of ultrafine non-metallic particles,
the production of non-spherical particles in the form of filaments or flakes,
and, more recently, the manufacturing of metal fibers or whiskers with very
high length to diameter ratios for diameters in the submicron region. Fur-
ther particle preparation and dispersal technology {s available from re-
ferenced developments in aerosol science app11e§ to 1nhalation health studies,
such as 1n-the production of fiber sized particles, the acoustic agglomeration
of aerosols, particle classification and dust generator dispersal techniques.

The dispersal kinetics of aerosol sized metal particles may be modeled

in a direct manner as
- 1isothermal expansfon of the particle sustaining gas in vacuum or
near vacuum conditions
- adifabatic expansion of the sustaining gas in an ambient gtmosphere.

In the isothermal case, simulating free expansion the inverse square particle
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number density dependence permits a simple attenuation path integral formu-
lation of the percenfage power absofption and hence the effectiveness '
duration of an ejected uniform density pulse of absorbing particles. In
the adiabatic, ambient atmosphere case, the concentration'expands to a vol-
ume compat1b1e'w1th atmospheric pressure and remains.confined undergoing a
~diffusfon process. The aerosol depleting processes in this case are the
Brownian type of diffusion of the particles beyond the eqqi11br1um volume,
and flow fleld vefoc1t1es relative to the dispersing source.

First order experimental testing of the power absorption principles

can be carried out in a simple and direct manner by conventional methods of
R.F. measurement of the changes in the power reflected and transmitted by
previously calibrated dielectric plates that have been loaded. The 1odd1ﬁgs
consist of prescribed concentrations of the different classes of absorbing
particles discussed - low aspéct metal fiTaments, flakes, metal coated ultra-

fine dielectric particles of Tow permittivity.

The greatest initial expense will be incurred in the generation of

properly loaded dielectric samples. With polystyrene or polyeurathane

as the dielectric base for supporting the varieties of loadings a representa-

tive estimate offered by an organization that is established in radar material
R&D and manufacturing is in the vicinity of $10,000 for the several plate

recipes.

A typical experimental configuration entails transmission across and
reflection within shielded enclosures for a discrete set of frequencies.
Apart from dielectric loading, the costs expected in the experimental testing

- will average $700 a day; for about a week of testing, or alternatively, about
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$100 per frequency per sample.
Similar smaller scale measurements can be carried out by broadband

microwave network refTéction and attenuation measurement systems.
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RECOMMENDATIONS

e The feasibility of experimentally testiiig dielectrics loaded with

efficient absorbers, solid metal or metal coated non-conductors was alluded
to in the previous section. Such transmission or attenuation and reflec-
tfon measuréments on a limited scale are recommended as a first order test
of the conclusion and to determine effective and Eea1izab1e concentrations
particle shape, and layer parameters.

) Arn important question, as yet unanswered fs the lower 1imit of
particle size for effectively low depolarization or the maintenance of

high absorption to scattering cross section ratios that {is,sizes of
dimensions that are less than the conductfon electron mean free path, thus
having é higher anomalous co’'ision frequency. The ratio of metal particle
thickness to length, or metal layer thickhess to curvature radius for
meta1.coated hyperfine dielectric granules, determines the efficiency

in external field pénetratﬁon, and hence efficiency in absorption by Ohmic
heating, provided that the thickness is less than skin depth. The reason
for this is that the depolarizing field, proportional to the average

solid angle subtended by the induced surface charge, becomes negligible for
thin particles or layers with the longer dimensions parallel to the incident
electric vector. Thus the tangential field penetrates to its skin depth
1imit, and thicknesses greater than skin depth represent superfluous mass.
Efficiency in absorpt1on,‘1n terms of absorbed power to mass ratio (or
non-dimensionally - absorbed to scattered power ratio) for a given frequency,
therefore requires thicknesses less than the corresponding ;kin depth. For
application to increasingly higher frequencies, the‘partic1e size or

thickness muét diminish accordingly. Since the optimum polarizability
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of a particle diminishes with frequency increase, as the conductivity to
frequency r#tio, it 1s evident that suitably thin dimensions become more
essential. On the other hand, as particle thickness reduces, the conduc-
tivity decreases and becomes more anoma1ous due to wall surface enhancement
of the electron collision frequency. Thus a particle size 1imit may exist
where the trend towards mass reduction efficiency is counteracted or
significantly modified by reduction in conductivity. (More basic, but

for much smaller distance scales is the quantum mechanical size limit below
which the free conduction electron model no longer applies, for small
agglomerations of atoms in which edge or toundary effects significantly
Aistort the lattice electron conduction bands.)

It 1s recommended that a study be carried out to investigate the
transition to anomalous conductivity or anomalous skin effect as the par-
ticle thickness reduces to dimensions below its bulk e1ecfron mean free
path value. The study should consider thin metal film conduction and ex-
tensfon to thin wire filaments, The objective in mind is the functional
behavior of the particle polarizability, the ratio of conductivity - velume
fraction product to frequency, hence propo}tional to the product of con-
ductivity and the s™in depth.

0 Another topic of importance s a more complete understanding of

the function and capabilities of ferromagnetic effects in modifying RF
abscrption, in tﬁe present context of distributions of small ferromagnetic
conducting particles or layers. It is the case that permeabilities of
ferromagnetic materials can be considerably enhanced when they are in the
form of fine particles, of micron or less dimensions comparable to the size

-of magnetic domains. At the same time the resultant permeability in a
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microwave field undergoes nonlinear modffication,poseib1y due to induced
eddy currents,and may be substant1a11y reduced from 1ts D. C value, vThe
competing effects of D.C. permeabflity enhancement due to fine particle de-
composition, into domain sizes, and A.C. degradation of the resultant per-
meabi1ity should be fnvestigated 1n.the context of dilute distributions.
The impact of these tradeoffs on the composite medium permeability for weak
fields should be explored inasmuch as tne extinction depthlis inversely
proportional to it. Hence a significantly high retention of ferromagnetic
permeability in the composite dielectric distribution would signify a

corresnonding1y high improvement in power absorption to mass.

° The high absorption capabilities of more naturally occuring small,
highiy irregularly shaped metal particles have been noted, and merit further
study. Such properties of.slnp1e spheroidal-1ike convex_surfaces have been
accessible to direct analysis in the Rayleigh 1imit for submicron dimensions.
However, the analysis of 1rregn1ar surfaces fs more complex and less well
defined. Irregularly shaned conducting particles are the most abundant in
natural forn,'or resulting from imperfect productiorn methods. A Ray]efgh
size conducting part1c1e with a high degree of surface 1rfegu1afity may be
ennsidered a superposition of sharply edged filaments or flakes. Hence its
effective depolarizing factor may average out to a very small value, the
small average vaiue of the solid angle subtended by components of fts surface
normal to incident electric field Vector. An approach to the study of 1nreg-
ular particle absorption in the Rayleigh submicron negion would consider a
statisticaI frregular surface foﬁnuTatipn coupled with the solid angle inter-

pretation of the depolarizing factor.
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APPENDIX A
INTERNAL E FIELD CONSIDERATIONS

1. Integral Equation Formulation

The electric vector wave equation

(thl-‘-"ﬁ)E—-‘fﬂ'V -iu(v XK 4r i
BRIE <-4 e (urn) - 9nivpg

zi (A7)

with Maxwell's equations and the vector Green's theorem, the Strattom-

Chu integral formulation leads to the integral equation
E :-/,/.-'[f_‘rﬁ { Y- PYY)}-P_Eo (A?)
- -— c - '

where the‘ integral {is over the volume of a particle with current and
charge density 1 and Prespectively. The far zone solu’.un {s obtained

by setting

.|
ki = R - IRR R=18I"R (A2)
changing integration variable from ¥ to 3__R, and integrating the

transverse component of : » &

14 - ] R.p
£ = 20 TR R - 4. R -
£ s tertw far (g - 40 )" E

t =0 F

-

The current density ,: is thus determined from the solution to the

interifor equation (2) where only induced surface charge is assumed.

'O‘ VE = - g} <0 interior

-~ AS
Cw =~ (% surface charge density (AS)

Pz PSJ(I!-_r,I) s S_(""?) polar coordinates 'A6)
PJ:E.-E- =(,’{:;)En-

», Ny

across the surface by Gauss' Theorem,
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Thus the interral field integra1 equation takes the form

E, = -i¥ Sdr weE, Y’(R) £ Sdf ;f(g-r)ﬂ‘* E,

-f

ok =k _) - 4T e L .

lt k e
Assume that the direction of EP coincides with that of the incident

field £,, polarized along the = axes and project (A7) in the .2, direc-

tion
oy = i (g L JS A" € C‘;)j\f?fektxe)
Etr) = P g"-l“"' r)F(R) T3 g‘
+ Eo.

or since p , 0 are constant within the particle volume,
- ‘ ' . o :
c?t

Eq (9) is the general form of the internal electric field equation for’
small particle size.

2. Ellipsoidal Scatterers

Here the vector equation (A7) {is referred to
Let the e1Hpsoida1 scatterer axes 4,, 4, , &,, with directions & £, 8,
. . reoresent the reference coordinate system. Then ... -
..bP = [ et')l‘t' = ( 19 &)Ei) (A10)

Then subst1tution of (A10) in (A7) results in the decomposition

E, = -‘8n% M,Ek\.)z +io (45 (eom) Ex2Y
cr - P 35‘

+ .m*fJ; Z (c 'm)L_ ¥+ A‘E.f,‘ (R11)
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3. Rayleigh Size Particles

Now the Rayleigh condition is incorporated.
maxR 2z Mofir (a12)
where the maximum {s taken over the particle volume. Condition (A12)

then signifies that

< AR '
- & ~ 1
¥ = R R (A13)

throughout the vector and scalar integrals depfcting the internal field.

4, Constant Surface Value of Ep

The Helmholtz equation is separable in ellipsoidal coordinates.
For sufficiently small dimensions the wave equation solutions are func-
tions of only one "radial" variable which is constant on an ellipsoidal

surface about the particle C.S. origin. If the Rayleigh conditions

(A12) 1s assumed, as well as the constancy of the electric field mag-

nitude cn *he inner surface, simplifications will arise which will then
lead to self-consistent requirements 6n particle and field parameters.
Thus assume

E lr) = const,

(A18)

Then it follows that the second surface integral in (A11), containing
the sum-exclusive of the K term - entails the closed line integral of exact
differentials. Hence it is zero. Thus the projection of the internal

field along the ellipsoidal axes in (A11) recuces to

- s puld . ' ol ;
o -E;:;f ;{}ir £, 5¢2A?J + Ehﬁf]:¢#@; E, 35}:}’ + E,p (A18)
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Since  k,R<«<! , and E,(!s) =~  const.
( € (r) s 2 quantity of magnitude Tess 1.
Equation {A16) 1s an apﬁroxfmation that muét be quantified.
The second term in the denominator, |

/uk,‘fag- S/i -, 1s a constant with € =1, for a $phere_.
In terms o;van effective penetration depth ,

pas fdy £ < ph T RSy
reh © 3

for an ellipsoidal surface it is bounded as

£ pk urR‘Jrq.

Lkt [dr e s a2
# Jr‘si < fo‘b 37713 fﬁ’

(A16;

(A-17)

disk (oblate Spheroid) (A18)

rod (prolate Spheroid) (A19)

AN N
where R,P = larger Semi Axis for disk and rod, respectively.

5. Depolarizing Factor

-~ The third term in the denominator of (A16) has the factor
d - 4 -
"{;’Sz ;[.-(R) ) jd‘j—_- (";\;) 3 Pftk)
: fe

For ellipsoids, changing to ellipsoidal coordinates can express it as
the constant ...

le) = 21 ) oS 12 .
Fe k) So (’+‘;)3£ (;*aj)‘ (S‘*-a:)"

diay
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: F?(k) is the depolarizing factor for axis K . As shown in (A20)

ft represents the average solid angle subtended by the induced surface

- charge,
T,
For a sphere Pt = P, = 7‘/3
‘ (A22)
When the e'l'Hpsoi'd scatterer is a spheroid, R nas a closed form, with
Q, the longer axis, @ the eccentr"fc‘lty,
[ 4
- _gt\2
es d [_4_.____4\. ) (A23)
a,>-
wher A, = a1 > a 3 Oblate or flattened spheroid
Y A - e“‘ od
Res)y= 27 (1 - L—-—)‘fme A28
e (3) . ( x s (A24)
for A = aa >dqy prolate or elongated spheroid
‘0 = Y WA _'_*_S’) - 1)
ADE Z—?(' 2 )(ze, /- es (A28)
(Note (A24) and (%25) given by Reference §
For the two equal axes
g ¢
R = r-AA (e
Thus for a circular disk,
]
Rits)y=4mpR"=0 . (A27)
while for the elongated spheroid ‘ '
' n
Rity=0 R =2T (A28)
nus comconents of the internal field approximate to
k&
Ew)=
’ - 'r 4
(1- “L(rir)-E)) (A29)
" *
- 4 fc/r €
€ = M = _ (A30)
‘R
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6. Applicability of Approximation

Equation (A29) fs a meaningful approximation to the surface
value of the internal field equation (A15) under two possible conditions
A , a :
) Pu)>> € ) b) IR)-é] <« & (A31)

(A31) a 1s satisfied when

Po(e) 5> 22;__5_’4 S phe 2w dny .
. ' (A32)

[
b) P 3 At * x
(k) D> lam 5
o elk) 5> _,:_n_f_J», > pk 3mp dn, (A33)
AL L
while for-a sphere
2
Gy = 4T sy 14T dr Lo
Rt = %] > o > mk gm R dr, (hse)

In the above; reference has been made to 1nequ;11ties (A18) (A19) and

- (A17) respectively. When (A31)a is satisfieﬁ, equation (A29) (and
hence (A16)) is consistently a statement about E;c:xthe surface value of
the internal field; the spatially depending term is neglfgible. Thus

é can be discarded with small error and (A29) takes the form

E
E (D= =
(1 -‘Z:"l’i"” ) ) (A35)
when (A31a) obtains and for some K= |, 2 or 3
(¥ ]
P te) > — \
etk)>> — . (A36)

Therjnterna1 field for that éomponent K is significantly depolarized
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Ege ~ AW ..E_"'
T P

: (A37)

When (31b) applies, the depolarizing field is negligible. In this case

fnequalities for sufficiency in (31b) are

’ lad
max mx[@ k))f)nué) < %)_ (A38)
* 'I
may & = ,u/,..:'m'R-de | disk(A39)

|
i

42
= pko 3T o, rod (A40)
The Sphere, because of 1its irreducible depolarization factor,. and the
extremely low numerical values of U/a‘ ~/57, cannot fulfill the

above inequality (A38).

-7, Matching Interior Wave Equation Solutfon to Boundary Value Integral
[ ]

The Helmholtz equation within the particle is of the form

(Vi+ kY E = ((v% k") + 0 lr-))f.‘ = o (A41)
on multiplying by l’y/'-lh( and integrating over the particle Volume
Ar ‘I”(V +k )E + (ko gd_rj_'_g E = O(a)

Now 4&' "‘r,
‘\r - e is the free space Green's
- — \
function. 4T 47 |t-r'l

Thus on applying Green's theorem to (A42)

a5 0E - 2V E) vE +tR) (M L E =0
fr +n - 4w

(A43)

Thus

gc!:“y E

]

S.,[S- J‘PE q/’)"g )_ ‘/TTE (222}
(k™ "7 (ki
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Substitution of (A44) into (A9) reduces the integral equat1oh to
0z =1 [ds (OupE-YE ) + aie'gdr‘ Ed Y +Eo
9 | W (A45)
‘a form which requires only the surface values of E and its normal
derivative,
Because . was set to zero in the interior, Equation (AS), as well
as (A45) 1s not exact, there is a small volume integral term which is
negligibly small in the Rayleigh limit.
Now 1f !; is a'function of the radial coordinate only, again for very
small particle dimension to wave length ratio, E and Z,E are constant
in the surface. Thus set
E = cEcs) (A46)
for jf the radial coordinate, and £ the solution that is unity at the
orfgin of the particle ellipsoid coordinate sy.tem.
The constant C is determined from Equation (A45).
€= O+4TR)ECR) - (Sas £)(%€) 7" E. |
: s (A47)
The term _{;S'ié'integréted over the ellipsoidal surface is a constant
since it refers to the potential at the interior of a surface of constant
surface charge density, hence an equinotential surface. With (A47) the
fnternal field (Ad36) then become
EQ‘J: ._E,"'?) E:

(i*%wﬂ)s;-¢;‘;n€$
€ = = - ‘
s T E(5), dmE = (3 E’ff))’s b < s (hee)

where
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8. Properties of the Radial Coordinate Solution

The function £(y) is typified by the three spheroidal
1imiting shapes, sphere, disk and rod

~ TABLE A-1 FUNCTIONAL FORMS OF RADIALLY DEPENDENT SOLUTIQON

Property Limiting Internal Field
Radial Form -

Shape ° coordinate

Sphere Radius v | C(simk v\/.. :

oblate Thickness x ¢ 'e” kr

Spheroid

Disk :

Prolate Thickness C. J; (kp)

Spheroid Radius P zero order Tessel

Rod _function

for k = effective propagation vector magnitude in particle.

The spatial behavior of radial coordinate solution thus indicates that

the internal field in (A48) achfeves fts maximum amplitude on the

boundary surface S, then decays with a skin depth attenuation thickness
k-' . ’Inspect'lbn of (A48) also establishes that for larger

depolarizing factorsP¢ , namely
W
p’— S -;-_ » where,

Ew) = -4% E_{r) Eo (A49)
or E¢,)

CEuw)] ¢ 1Ew ] w i,E'oj
- O

Thus the (inner) boundary field is depolarized. The depolarization

is neqligible for
E) = E80E, [E() < ECrg) = Ea '350)
E(5) '
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9. Penetration Depth Identified

The penetration depths dr. dr, , Jr,  used in Equations
(A17), (A18), (A19), (A32), (A34), (A39) and (A40). Thus refer to
a dimension o'f less than the skin depth of the solid metal particle.

d £ e =2n ‘{' Wt
20

10. Conducting Shell

The particle size condition remains fulfilling the Rayleigh
Scattering criterion., Namely the largest Iinear d1mens1oni§ must be
sﬁch tAhat /R\ <L %eﬁ_. for A the free space wavelength or '

ke R ¢c< 4 » the free space wave number, Another distance

- scale associated with scattefing from Rayleigh size, conducting par-

ticles is the effective penetration depthz‘ As indicated in the pre-
vious section this depth d 1is bounded by the skin depth

d £ Sve

Now consider a thin shell, in the shape of a spheroid, which may be
hollow or filled with a weak dielectric that {s transparent tr the
incident REor microwave radiation; The spheroid shape also fulfills
" the Rayleigh condition, and {ts orientation with major axis parallel
to the incident electric vector offers a minimal "depo1ar1zfng
‘factor FE(J) . The Stratton-Chu based integral equation for the
field internal to the spheroid shell would be similar to that of the
solid spheroid conductor, however, the principal change would be in
the effective depo1ariz§ng factor of the shell,
Equation (A45) when referred to she11 geometry becomes

fds(:.+ € -4E) +iofas, €24 + Eo

o ==l

T
| =;'FT{S;-£.JS?J$(J,\H“ :-%é.s)”'%rf{-fwz“aw‘?fE‘e (1)
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a) .1f the thickness of §'S is greater than skin depth {¥,,
all the surface integrals overS-§Sare negligible, approximate
to zero, and the shell solution fs the same as the solid (but
with reduced mass).

b) {f the thickness 1s less than S, s« , the surface value of
the field E 1s constant and (AS51) beccmes |

0= -E - Sslsg'“a'& 18-S,

MEE [ [ fasad +E O
o JE;J(Ids+)+4rE,J(P) (As3)

"where the variation 1s taken with respect to \.? T%yer thickness ,

q.
gdsé;r

in the direction of the surface normal.

Thus
J(hast) = duy 2 (Jda ro )
br, I;"IS’

= 2[qa ¥ ("T:*) - 4 f‘{";ﬂ(ﬁ%rgl)

Iy - - ¥l

3(fast) = 2 fds‘f’if; - 4Ty

while the mure important term ....

:Jr l’f?? CoSq’ ;a.( J\’s) P.
S Pe s "SS s v .,\ 3': (AS4)
- Z-fdﬂ (r‘x‘°s¢ 2 ,;(:n‘ ‘)(3;;") SJS C03¢ ) )l. lp-val

fA55)

:-2

For a sphere 2 = in the second term on the right 1n (AS5),
Jr. or

which in turn indicates that the value of that term is zero. Thus

80




dPg = 2 "_f’ Pe = f....” 9.(:‘
(sphere) -

Simflarly Yor general spheroids the derivative of the solid's de-

polarizing factor appHeL. as in (A54). The result for the sphere can

5150 bé obtained from th‘e' spheroid in.the 1imit as the eccentricity
goes to zero. | -
ﬂe general form of the depovlarizing factor fof a thin shell can be
determined by differentiation of the expressfons in (A24), A25), (A26)

with the eccentricity € defined in (A23).

However for larger eccenftricities the reéu'lts simplify to

oblate spherofd  shell 9% = Pp . d*s (AS7)
disk ‘ A4 (minor) -
late spheroid shell As8Y
prolate sphero ] fr":zP, L S (As8)
rod ( -_
! A (minor)
for _A (mingr) P e (A59)
A (major) | ' ‘

11. Summary, Limiting ‘Depo’lariz‘lng Factors

The following Tab‘le‘f A-2 is a summary

é , .
TABLE A-2 LIMITING DEPOLARIZING FACTCR OF SOME SHELL SHAPES

Shell shape | Pe (s014d) (layer) § Pe
- s (),
di:* [ 7;"(04“ ) T *$/a,

ro

CUERY A CADITANZY

Ay = minor axiz, 4, = ~alsr ax'z, G,/ << f
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12, High Permeabilitv Particle

Here, the u of the particle may be greater than 1. The electric field
equatfon (A41) takes the form

2, wt - ar(-p)E + fMawn :
(V v 'E\-)E - %s( r) & cr % (+70)
on applying the free space Green's function with the condition that
the particle sizg fulfills the free space Rayleigh criterion, radius rs,

rg £ )xo/;.-rr‘ , (but not necessarily modified Rayleigh).

dko/P
E = [ar £L£ (@u-p) vswn )Ew)
bR . tkeR
+ZCE Ve ) o0 [ds(En)pe
tw T TR w - (A61)

on assuming that the field E {s substantially constant from the surface

)'; down tof.'g-":. rs < skin depth J)}‘ .

Virs) .
E=51+[dr —L (@mw) - i wpe )
Vv - [t‘.’f, 4”"" C" .
(xdr) c ' (162)
. / -
+irfas d (L))

-4
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“and

Then b) fs fulfilled when l
b3 (|
ks ’ 47"" ""’s"ﬂ‘uf‘

Let y;; v, ( ; fﬂ"iw

R g,

or for a sphere

E 571-4-7”5*(‘4“"" Jg_;ﬁ«d‘).,. JAg__Tr_g-‘_[_,_r,

‘*”CL 3 W Ps

{5

The requirement on E is that it be constant in layer &/

“This is fulfilled if
a) 1> rdrk, (n-t)

lrJ‘rkp—’-‘L"[ < =

consider b) first, and let

-l -t
‘ 3u _’;; '

This is the modified Rayleigh conditfon.

Then (A67) becomes

_,Jr,- £ w

¥ L e

Comparison of skin depth with bound (A67)
The skin depth for frequency €U » fEcw) g

2 C:l. - 2
J"« P ___:. ) a— _‘_‘_)__ r'
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(A63)

(A64)

(A65)

(A66)

(A67)

(Asa)

(A69)

(A70)




ro defined in (A66)
On squarfng (A59)

Ji’g‘- 'Y

Then since

qf;g =

.
PE R U 0 WV S N s
Kr* ot g1t 2reis6-1)

r-‘m\u’ -r <53

with (A72) as the stronger condition, (A69) implies

/=3

(3:5.)‘1‘ < M

Jreo

Thus if (A73) is fulfilled, it follows that

43
$(2~%)

T
4o |

———

Py

—

satisfies (A73) and substituting on (A71) establishes
I"; Z JPS’_

the requirement that for a modified Rayleigh sphere the layer

thickness aver which the field is constant is 1ess.than skin depth,
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APPENDIX B
COMPOSITE PERMITTIVITY OF DISTRIBUTIONS

1. Particle Polarizability

. The internal field componeht Ei drives the conduction electrons

to give’rise to the current density

4, = o E, =<0 R (1)
where
F =<P, P._ f; ) Polarization per particle
)

electric dipole moment/

Let (fg total electric dipole moment/particle

-

i

= P X volume of part1c1e

Then on using equations (A29) (A30) for Ei

Y oo

_ av = —_—

dyk - E’“V = u—u ‘f" (1+ :;k.P‘:‘r&k') (82)
Bk = O
.#ko "U

)
- ah b
oy = 4 &5 _ 2 electric dipole
~ 4T ko (I + 2 Rp; t€y ) - moment per unit
¢nk, particle volume per (83)
unit electric field

The total electric dipole moment

() 23.‘6 (e“ ")"(A"’y . (84)
Let the direction of the incident E vector be &5 -

Then p;oject(P trto €2 ... .
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2

s
P o= Z (tvetz)En®’
< e’z

on averaging over the

3 -
(3T ) B s

(85)

= average Z-component of dipole moment/particle.

2. Particle Number Density

Each particle has axes a, , @;, G, , therefore one formula-

P
tion of the particle number density 1s M(4) = number of particles/
vol in@ = (4, 4,, O3) space

A - (87)
J/V(a.,a., q’) = 4:(9)513 = N {‘@)JQ
where N = mean number density.
Equivalently the number density can be defined over the depolarizing
factor space ;P.g = (Pe. ,Pe; ,Pg,’ )

JN(@%,}”,}, ) = M (P )dE = ’U’[pf!’. ) d B, (88)
3. Effective Field :

For dilute distributions with uniformly "distributed dipoles,

the field at the center of any spherical surface is the average quantity

E E =T + ﬂr-F

—‘CH = 3 -
G (89)

F = (average number of particles/vol) x (average dipole

moment/particle )

A 3
Ny (fdg 7‘;/9)'3’-2'*."“’)‘5#

vl
1]

- Y o 2
- _Nﬁ [fd_r} 12(&).-;-2'-4;4\;)5;”-

0c

Yy /

an T
\
\
\
\
|




C

—~—

P =N «av EeH | ~ (B1)
Thus on using (B10) in (B9) | ,
. l eo——
E = —_— E
eff (:/..QQ!,N/4(<:V
-3
4, Effective Permittivity

Then with the usual constitutive relation between electric

(811)

displacement, electric field and polarization,

The permittivity or dielectric _Egg_stant becomes
| [+ g?" Neav
€ =

/- ¢t A KoV (813)

5 .
as the Clausius-Mosotti, Lorentz - Lorenz Law.

5. Strong and Weak Absorber Decomposition

The individual particle polarizabilityet,, is given in (B3),

| ~
kA i P +E ) |
([+4:,P¢~ €, B (814)
Let the fractional number density be 'decomposed into
‘F(fe)'-‘ 7‘:‘(.'30) + ﬁffe) : (815)
where 1 denotes particles with very small depolarizing factors
%, ) = £ =«
(Be)=d £ =2 (816)
and for particles with larger depolarizing factors
w _
P ——
(8 )L > = | (817)
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4
71

Then 3
V) ~ 1 4O av,
(‘% ;u,,d )l > w (l,."fvéo)
. ' . (818)
(4 T av) ~ 3 -
5 4 ),_"‘ S p |o% (819)
> ' “<n /L

Therefore the average polarizability of the distribution of particles,
namely N o£AV  {n Equation (B13), fs expressed as

- — F | E
I

where

F, = N Ay, = total average v§1ume fraction of type 1
particles

Fz - Wx = total average rolume fraction of type 2
particles

. _
: <—é > = average recfprocal depolarizing factor of type 2
k]

.particles.‘ (Because of the smallness of S, and €, they are re-

placeable by their averages.)

Thus the composfte permittivity. equation (B13) takes the form

| + ,( (m:.,e) + <% \p)

|- 4 faop | (821)
3 (3“) (“;8.’&)*‘ ( Bra.)

Two 1imiting cases of (B21) are for

o R3S 35‘30 <7"¢> i | (822)

giving rise to

€ =
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PEESNALL AR YETPENN.D

. ) P
| =4 4T O F €
T (823)
Foceciw (L HF
b Ca ( |>,;> | (824)
where L ered s
-+ F
€ — ’ 3 < pel. h
- 4T /4
- <,:.“§Ft (825)
6. Refraction, Extinction, and Mass Requirements
For very dilute distributions fulfilling a) such that
2w SF, > 3w L SF
—_——— o — — kN
T o < Pea> (826)
The index of refraction is '
mn=ye =1 YL (827)
with a field strength attenuation factor
d=zwlmVe = 2R
c 3c
an extinction depth
3¢
X¢ = > = _—
Ty o S — o (s28)
an extinction cross section , per unit particle Vol‘umeA
A
Ox = & = 2n°0 -
== = = _— 829
av F, 3ec (829)
and the mass M, requ’iremenfs for extinction across area A
M = /1)( F, = 3CPA mS
¢ f 2Tro % ‘ :
.(830)

= density of metal (@h‘/o.?\
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7. Power Reflection, Absorptica Coefficients

For gener3l, dilute, distributions fulfilling condition A, the

power reflection coefficient, R, at normal incidence for slab geometry

ve -1 |°
as P - e -
VZ +1
(831)
for
|
! e
1+ 3403 B = 4T o F,
- ) - 9 (7% ]
I—ZA e (832)
‘R, the transmiss1on coefficient A = 1-R, and the extinction depth X
to incident wavelength ratio is
|
XJ = -
R, Aal-R and :;J are plotted as functions of {3 in Figure (B)
8. Estimate of Low Depp]ar121ng Factor Particle Size
Since Case a) assumes the concentratidns of particles with low.
depolarizing factors predominate, the particle geometry for spheroids
is to be specified
a) Oblate spheroid (disk), Equation (A24) and (A23) respectively
are repea{ed
P t h"‘ I- es )
1) = |- J
( - e‘ (834)
| at )1 (B35)
(/— ;’:»)Lb Q,fa,=q,
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3 R
Ir €c =12y
Rirzam(i-2e +ec T ) )

Pe n

Thus

211'(" peta) ~ Tt A g = 2TF
‘F‘HT ql c o=

A3 37
ax o small depolarizing factor for disk . (837)
a

b) _Prolate spheroid (rod) (A25) .

1+ 25
Pt)— ('- (‘-L &‘ e 1) ) G 2=y

3
Then , ‘ 839}
! r 21‘. \ 7]
Feti)= nrecl«(e‘) c
L)< £
. o
. _1F .£
o
2—” < .. small depolarizing (840)
o 2. ) ,factor for_rod
: g)+ ) ! |
9. Single Species of Ellipsoids ’ I
a) Total Reflection, Slab Geometry ,
L ] . . |
Here one axfs P (1) £4 R, Rt3) (8a1)

hence the spheroid 1s prolate, but not necessarily of minimal Fé

fulfilling (B16). Thus the permittivity given by (B13), (B20), takes

|
TF A6
! +j‘r (H- 4.4'P(:)+e)

the fo.m
. € =

| - 4rF
4 (1+ i Ru)+€) (842)



€ a : |
o ‘%FF(PC'—J(I-P ¢)w )  7843)
Then 1f | Fss 9 Pcc:) >4 w ‘ ' (B44)
| o dr 4T @
é'”«_-“:'.zﬂ,‘ ;’? :-:,.VZ , | B -’('845)"

and we have_tota'l reflection for normal incidence on a slab.

b) DiTute Distribution

4 F | ‘ '
,,Letq T : 4{9 P((‘YW
pg%l)-l-g’:: (

B46)

~Then £ ~ f -+ _E'_TF !
T Rer-igee)y ) (347)
V'E - { + 2?7,7' F ,' - ,
(% () ~(1+€ ) ) 848)
e e e il el U - - e PR - N .- e )
AV‘E 2T fo | .
| 3 7 (Rl +Y re)) | 2ee)
~ extinction depth'_ . . | | | _
 x . 3chW® - ~ (B50)
- ATwrF
extinction cross section ‘ ; _
particle Vol ' B B51
Ox - £ . 2re’ o
ev.  Fal  30py,)
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2
Mass requirement M, for extinction across area A {m )

—2 gms
o ln (852)

= density of metal (gms /cc )

19, Permittivity of Dielectric Substrate

The permittivity €g of the materfal or background sustaining
the particle distribution has been, assumed very nearly 1, matched to free
space (esu cgs). The explicit form of.the composite permittivity €
for dilute loadings in terms of &, , allowing non-unity values, appears
as the additional ténné'o-? , added to the permittivity € result for the

free space case that assumes 65-.-1 , that is,

€ce) = €8-1 1 €(1) (£52)

When the propagation medium is not free space, all permittivity statesants
must be interpreted as referring to relative permittivities, relative 5

the propagation medfum.




APPENDIX C
COMMENTS ON PERTURBATION THEORY FOR ITERATION CONVERGENCE

1. Large Depolarizing Factor

When the depolarizing factor, 2 1s high, such that g/‘z >>1,
% Pe overwhe'|m1ng1y dominates in the internal field expression, -
as in (R29). -Since % is very large, of order10’ for Al., the o
internal field is very closely approximated by E = ;;: E ,
with the uncertainty term 6 bounded as in expressions (A32), (A33)

or (A34). The penetration depth Cy 1s bounded by the skin depth Sr,; .

- —L
_fr S 2:’ Vza',u'F

(c1)
using S';‘ in p'lace of 81 s S%“r » and the Rayleigh condition
bR=2C R 21 |
- predominance of Fe 1n the sense of (A31a) 1s assured when
R > f—: (disk)
. (€2)

(z'n';z‘j>

P .
' L Ao b (rOd) ) 7 (c3) :

2. General Ra_y1e1gh Condition for Magnetic Conductors

The lower bounds on P¢ are reasonably small enough for non
inagneiic materia"ls.,« =~ 4. However when M 1s very large, as for
ferromagnetic conductors, where M > Id’ » the restriction on the

bounds of E {s much mora 11m1t1ng.
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In order to establish bounds which are independent of M, the

medffied Rayleigh condition is more consistent, namely

LR Lo
Ve (modified Rayleigh) (c4)
Then the lower bounds on are {ndependent of '
Reaey s V,f_ (disk)
2o (¢cs)
, t _ 277)? Z |
Pf(k)>‘.-_lr_l°' £ (rod) ’\ Vi
Lo 20 (c6)

for strong depolarizing effects.

3. Weak Depolarizing Field

Condition (A31(b)) denotes weak depolarization, under which

E = €° , 1.e. the external ffeld remains uncancelled on
th; fnner surface of the particle. On using bounds (A32), (A33) for
penetration distances, certainly bounded less than the thickness of the
optimally oriented spheroids, with longer axes parallel to the incident
fields, and the 'Hmiting values of the depolarizing factors from
Tabie 58A, fhe ratios of minor to major axes a'/a‘_ for weak
depolarizaticn become ... '

a o L 1
a, = 1T o (4K o (en)

oL
& o« L |f (rod) ] (c8)
4 Vﬂ:.a. &

ey




T AR e e L et s e g

»:_fGJ O‘E +5'P’=?.Q' w
U "t:' . _Cu L - (.

4.  Weak Dapolarizing field Convergence

: ln the case of (A‘lb) the internal field 1ntegra1 equat1on,

(A18), can be solveu as an 1terat10n sequence, or 1inear perturbation

the 1terat10n sequence

Kt

Ea . c _ lcv/cf'ﬂ(r E— 'f(l?) + erd_r Jh

A L

: > ' th .
where F.. is the n 1terate in approx‘lmation and

E’=r

° A

~ Now consider the nth difference...

QEM T ESEDT

on substituting in the {teration integral equation, the recursion

for A E? becomes ..
45:: —___,t‘a'fdro a-‘f(/p).,."”’fl!d[

on taking a norm on AE such as,
JAE | = Mmax | & E,,_Cf),

| 1t follows that reev
Nagrl £ (“""a'e ny P) SE, ”
o ;. o <:4; o ‘t’

' Thus the sequence converges for

v,

“series about the externaT field value E Instead of. (A15). express

(¢9)

(ClO)

(c)

(C12)

{€13)

(c14) -

(c15)

(C16)




Then for a disk or oblate spheroid, for a, <<4a., '

A:,Aé +Pe € (fW'fTr\) Q.

4, : ();-n-‘“_ Z ) (Ci7)
)oV; '
Thus 1f Z. 1 n ;
A < L = e
4. (7'771'77")”" ('*7{ ) (c18)

it follows that the difference sequence converges to zero faster than

(£ (+T)a >)n

a. - (€19)
and the zeroth approximation
E::: E_ 1s bounded in error
. - O™ P4
| %
l1-ayq
(3Tar' ¢ f) (c20)
Mo fn
Simﬂar?y‘ for a rod or prolate spheroid, the convergence condition 1is
4 < [/ £
4\ ﬁ:k o : - (c21)
o (4.1 G
with a convergence rate faster than (:,( ¢ Z-:' )) and
»
an error in zeroth approximation bounded as
HEL.E NI < <4,
k=T — (c22)
/- a,
Sr = f((&t}g;t < |/
w as (c23)
wr o )
i do
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APPENDIX D

EFFECTIVE PERMEABILITY, Bosc’, OF A DISTRIBUTION OF
FERROMAGNETIC PARTICLES e

In analogy with the electrostatic case described 1n Al,

the particle internal magnetic field H induced by an external field

!’_‘L. is given by the integral nquation

= He = 35 048 (k)W o
where Ray1eigh particles are as§umed, | t'_B 2|
Mo is the background permeability Vi
| &M= 'u- 1, partfic'le permeability pu ;
Then for constant on the mean magnetic polariiabﬂity
becomes od = oM | | | _ ’
(i- 2£ Pe) (02)
Pe = de; Pu (‘L ) the usual depolarizing factor.

On using the C1ausiu<-Mosott1/Lorenz- Loeerz relations for a

distribution_of particles cee s

H«rt“"‘?f S (o)
v | (e

B = Mgy H ""'H !‘“7'P

with T NdV = [ the volume fraction

| L
The effective permeab*liti takes the form

T
2

| -4 wf
3 !

Kest = (kh‘s) )

'

o
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which for et Pe <!, ang M o>
Mo

|+ &Fakh  _ |4 TH
Petf = 3 T :
| - 4T Fap | =41 Fy
3 3
Thus Bogs can have large values
when
o< 2rfu €1
100

(06)




AFPENDIX E

DEPOLARIZATION SENSITIVITY TO INTERPARTICLE
SEPARATION ONE AND TWO DIMENSIONAL MODELS

a) 1 Dimensional Linear array. o : vQ.”}kA

consider a line distribution of dipole -
particles of radfus 4, effective charge

This model assumes a constant internal "\radiusA
___ field, with the neighboring effects as O
due to simple dipoIes o : S

Potential ¢. (x,y,2)

(P(t,y,z) = gZ( —-—-——-——-—' - "_ . )

(E1)

(; e (2%, 8) )" (?‘"-ﬂ + (2-2,+ 0) )L

Electric Field at (0‘ o, z3)

The first term on the right is ‘the 1internal field in absence of neighbor

effects On performing the differentiation, eva1uating at the 1imits,

and setting

+*lkA | for k21 (£3)
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/

N =7 z.j -~ | .

.

It is clear that the internal electrostatic f1e1d decreases to zero as

K approaches 1

b) 2 Dimensional distribution.

as fn the 1fnear case, the potential

o O O
o O ©O

¢ for the planar distribution ¢s given, on plant x = 0
2

”10 N""

[

Poyn = E22(

R ( (R
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The electric field at {0,V y 24 ) thex s
E;(O)’)a r)_ﬁ) .“.‘-"% ¢(°)yiz')
2.

RERE!

wiy z.., '
= 2 *5‘3’ {L, (4 — 2
P- %Y T - z‘"-‘ ((74_9) ,(z‘:-i)) T

2.,... Y-

jd;f S } (E6)

Zoein ((Y"Y) -i-(z*‘Z) )t

where again the first term on the right is the internal field in absence of
neighboring effects. Differentiation with respect to 2, evaluating the
Himits, integration with respect to y, and agafn Setting

Zae = 20 t2k4 | x>\
ner ‘ ~ (57)
then establishes the field for this simple model as
E(o A ‘\\ = A %‘ ( I - J—‘ ) N
ALED RN 2 gk-1) 2 dimensions.
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o= -

Again, the internal electrostatic fileld vanishes as R approaches 1,
However, the two dimensional array electrostatic field (which in this case
{s the depolarizing field) is weaker with separation distance, measured as K,

than the one dimensional case.
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APPENDIX F

ONE AND TWO DIMENSIONAL PROFAGATION MQDELS
DISPLAYING ZERO DEPOLARIZATION

Here plane wave propagation through distributions of rods‘and films
“{s modeled. The rod’and film scatterers have.IongitudinaI axes parailel
to incident E vector and normal 1hc1dence is assumed on the film planes.
It is further assumed tﬁat the beam width of the incident field is less
than the rod or plate scatterer length. The wave equation in the {nterior

of a "Scatterer" is

) E = ‘41IL§;£=’ c E

- o~

(g st |
<* | ( F1)

C W

This 1s formally transformed into an integral equation through 1ntegratioh

of both sides by the free space Green's function.

amamenta

g | Ar € EL!') = _Eo

'1

{ F2)

'l
b
<

J
A |
{

av= = vol. of Scatterer
On the assumptions that the effective incident beam width 1s less than
the rod or plate scatterer length, and that the scattarer longitidinal
axes or planes are aligned with fncident E vector, the tangential boundary

condition only, applies

T XE =0 = E,., = E;_
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The problem {s two (rod) or one (plate) dimensional. Thus the depolariz-

ing factor for the geometry is zero, Pe =0,

There are no subsidiary conditfons on £ (r!), within the volumes

AV 1n equation ( F 2) and the formal Born perturbation sertes

( F3)
C'&av)

converges to the solution of ( F 2) in the interior of the particle if a

norm on the integral operator is bounded less than unity

A sufficient condition for this can be shown to bz that the p:irticle
(rod, f1lm) thickness Ax be less than skin depth,.

. | P-5 N4 Vzd‘ ( F5)

under condition ( £5), the incident field Eo ¢losely approximates the

internal field E with an error bound
i

kS
|E;-E| 4 2 oo << ( Fe)
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Thus the induced electric dipole moment P of the particle 15 close to

o P = AvwgavE,
L i ( F7)

with a mean polarization of the distribution as

P EE'

(‘lff

( F8)

where F = NAvV the mean volume fraction.
Because of geometry, the effective field is the mean macroscopic field
= E
E ( F10)
Then since effective pérm1tt1v1ty e of the distribution is defined as

Iy =€-¢g§ =

\m,

-“+4T

f-ol

( A1)

— -1t follows that ....

— . ‘ p—
g:i*iﬁwﬁ'F“i-p,‘f.w[(.!F
(74 e~ P ( F12)
Thus this class of scatterers of thicknesses less then skin depth

comprised of highly efficient absorbers.

. Is
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APPENDIX G
VISIT TO NAVAL WEAPONS CENTER

Naval Weapons Center, China Lake Visit

- A visit to Dr. Wade Swinford and his colleagues was made on March 20

in order to discuss the Research effort to date and obtatn unclassified

ifnformation concerning recommended emphases of interest.

A review of the work carried out by the undersigned was given.

starting from the Stratton-Chu form of vector integral equation-

derfvation of approximate internal field with a small spatially
varying uncertainity

application to ellipsoid-spheroid scatterers and the internal
field diminishing effect of the depolarizing factor

the depolarizing factor interpreted as the average interior
solid angle subtended by the normally incident electric field

dipole moment of a particle multiplied by the average particle
number density to establish the polarization

effective particle field in a distribution, giving rise to
composite permittivity or dielectric consctant via the
Lorentz-Lorenz law.

comparisdn of Tow and highly depolarizing particle geometry
fn determining

a) dfilute concentratfon absorption - extinctfon cross section,
extinction depth, and mass requirements.

b) general concentrations to establish power reflection -
absorption coefficient and extinction depths as a function
of wave length, volume fraction and conductivity:
establish condition for total reflection.

extended analysfs of internal field integral equation, including
high u (ferromagnetic) conductors.

for Rayleigh size particles censidered solution to wave equation
in spheroidal coordinate which matches the surface, and substitute
in the Stratton-Chu based integral equation to evaluate the arbi-
trary constant. This approach increases the accuracy of the
approximation establishing the spatfal dependence of the internal
field - skin depth attenuation of depolarized field.

app}icat1on to metallic shells, coated ultrafine dielectric par-
ticles
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- summary of extinction lengths, extinction cross sections and
mass requirements for resonant and non rasonant disks, rods and
metal coated spherical nonconductina particles,

__Aerosol Expansion

Dr. Swinford has looked at the behavior of aerosol particles in a

(near) vacuum, assumed a point source emitting into a segment of a half

space'and computed the cloud shape hence a composite dielectric medium, in
order to estimate the net absorption. The investigation was done nuhé}ica11y
using 2 ray tracing subroutine, hence 1imiting the sensitivity to the par-
ticle properties, distribution and prbpagaf1on,parameters and the peripheral
physics. Of interest in this category is the applied problem of determin-
ing the distorted, and free space radar cross section of a satellite im-

bedded in such {sotropic media over practically useful frequency bands.

" Lower Limit on Particle Size

A more basic topic that Dr. Swinford stressed was of definite interest

_and remains Onanﬁwered is the Tower limit of particle size for effectively

low depolarization or the maintenance of high absorption to séatter1ng cross
section ratio. That 1s, sfzes or dimensfons that are less than the con-

duction electron mean free path, thus having a higher, anomalous collision

frequency. The interest s in particle thicknesses of 100 to 1000 atomic

diameters.

High Magnetic Permeability

Also fndicated as basfc and important is the role of high magnetic
permeability in the effects mentioned above as well as in potentially mod-
{fying the absorptive behavior of partfcles. Included are the effects of

high u metal coating of fine particles.
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APPENDIX H
PAPER PRESENTATION

The paper "Model of Low Frequency‘Anoma1ous Propagation Effects in
Particulate Contaminated Plasma; was pressnted orally at the 1981
IEEE International Conference on Plasma Science, May 18, 1981,
Santa Fe, New Mex1co.(')

This Appendix contains the Abstract and the Vu-Graphs of the presentation.

(*) Janos, W. A., Paper 12F3, 1EEE Conference Record Abstracts,
1981 IEEE International Conference on Plasma Science,
May 18-20, 1981, Santa Fe New Mexico.
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Abstractfsubmitted for the
1981 IEEE INTERNATIQNAL CONFERENCE ON PLASMA SCIENCE
Mayl18-20, 1981

Model of Low Frequency Anomalous Propagation Effects in
Particulate Contamin * Wl A
Snowbird Drive, Huntington Beach, CA, 9264€

The presence of metallic particle contaminants in an R.F. probed
or drfven plasma will modify the medium permittivit.. When the particles
are of Rayleigh dimensions conditions for strong absorption may be present,
depending on particle shape, concentratfon conductivity and magnetic perme-
ability.

An overview is presentad of the perturbing effects on R.F. induc-
tion and propagation due to dilute concentrations of Ray*eigh/submicron
sfzed metallic particles, Absorption is primarily emphasized for this
low frequency limit case. High reflection effects #n resonant cases
associated with high particle polarizability are also predicted by the
derived composite permittivity but are of more 1imited validity since
they refer to a negative real permittivity limit.

. Both coherent and incoherent anomalous propagation effects associ-
ated with particulate scattering are considered. A model of the perturbed,
frequency dispersive permittivit; of a particle-contaminated, two-fluid,
charge neutral plasma is determined using the macroscopfc theoretical
prescription of Clausius-Mosotti-Lorentz-Lorenz for dilute mixtures.

The additional model assumptions are

. uniform distribution of particle sizes

-« particle depolarization factors of three generic
spheroidal shapes - prolate (rod 1ike), oblate (flake)
and sphere.

Conditions for contaminant dominated extinction, phase shift dis-

tortion and reflection are discussed in terms of the mean particle properties..

*ork supported by Office of Naval Research Contract N00014-80-C-0926.
m
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CERTIFICATIGN OF NUMBER OF HOURS EXPENDED.

'LABOR CATEGORY " NUMBER OF HOURS
(1) Principal Investigator - 2080
(1) Secretary - Typist 200
i
[
)

_jziiiiaa.\ L / ,/¢62y~¢f‘7

N1111am A. Janos
v
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