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w- ABSTRACT

The feasibility of simulating a simple Lorentz plasma with an
artificial dielectric constructed from a random distribution of in-
ductively loaded dipoles is investigated. Both the differences and
si-hilaritiesbetween the macroscopic electromagnetic properties of the
artificial dielectric and a Lorentz plasma are discussed.
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1. INTRODUCTION

The complete simulation of the electromagnetic pulse, EMP, associated
with a nuclear burst involves a number of interrelated parameters. The
most obvious parameters are the waveform and the magnitude of the EMT.
However, if the system being subjected to the nuclear EMT is in a pre-
ionized region such as the ionosphere, we would also have to simulate
the ionization or dielectric constant of the medium surrounding the sys-
tem such as a missile or satellite. In this work we investigate the
feasibility of using an artificial dielectric consisting of a random
distribution of inductively loaded short dipoles to simulate ~h; macro-
scopic electromagnetic properties of a simple Lorentz plasma. $

During the past twenty-five years a number of so-called artificial
dielectrics consisting of regularly spaced rods, parallel plates, meti~l

spheres, etc. have been devised to reproduce the essential macroscopic
properties of a dielectric. The ordinary artificial dielectric consists
of discrete metallic or dielectric particles or lattices of macroscop:Lc
size.3-7 These artificial dielectrics were first actually conceived i~s

large-scale macroscopic models of microscopic crystal lattices. The
practical motivation for the development of the first artificial die-
lectrics was the desire to obtain relatively inexpensive lightweight
materials that could be used for microwave and radar lenses. Several of
the artificial dielectrics proposed for microw;v~ ~e;s~; have the macro-
scopic electromagnetic properties of a plasma. z s s >

A review of the literature reveals a number ’of papers on the plasma
simulation properties of artificial diele;f~iLs consisting of a rigid
cubic lattice of three-dimensional grids. Experimental work, re-
ported in the literature has been done only on two-dimensional grid.
lattice structures.2$8>lb That a periodic grid structure would produc:e
band structure resonances analogous to Bragg scattering has been dis-
cussed from a theoretical viewpoint, but has not been experimentally
investigated.11$12~13$14

The rigid cubic grid lattice structure has the disadvantage of
being somewhat unwieldy and difficult to support and fit around an ob-
ject with curved surfaces. In general, the cubic lattice grid structure
lends itself conveniently to simulation of flat, slab-like plasma
sheaths.

In this paper we describe another approach to the simulation of a
Lorentzian plasma. We propose a granular pellet-like artificial die-
lectric consisting of a random distribution of styrofoam spheres con-
taining inductively loaded dipoles which can yield macroscopic electro-
magnetic constitutive relationships similar to those of a plasma.

A Lorentz plasma can be represented from the viewpoint of macro-
scopic electromagnetic theor

Y2
, as a 10SSY dielectric with a complex

dielectric constant given by s

.. _,
,.
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CP = co
LO;/(v2+UJ2) + ju;(v/u)/(v2 +A], (1)

where co is the dielectric constant of free space, u is the frequency of
the electromagnetic field, up is the plasma frequency, and v is the
collision frequency between electrons and ehe gas molecules. We propose
to simulate this macroscopic dielectric constant with an artificial
dielectric consisting of a random distribution of inductively loaded
dipoles encased in styrofoam pellets. A schematic drawing of such a
dipole is shown in figure 1. The quantities 2k, L, and R are the length,
inductance, and resistance of the loaded dipole respectively. As we
will show, using simple quasi-static arguments~ if the effective in-
ductance UL is much greater than the effective capacitance of the dipole,
the permittivity of a random distribution of inductively loaded dipoles
is

where N is the number density of the dipole pellets.
comparing equation (1) with equation (2), that we can
with plasma frequency up and collision frequency v by

and

Ii=v*
L

R R

(2)

One can see by
simulate a plasma
setting

(3)

(4)

- -

Figure 1. Inductively loaded dipole.
r.
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2. THEORETICAL DISCUSSION

L 2.1 Quasi-Static Approach

We will first approach the problem of our proposed artificial die-
lectric from a quasi-static viewpoint assuming that the inductive load
of the dipole is much larger than the driving point capacitive impedance
of a short dipole. In a subsequent section we will explicitly consider
the dipole capacitance, First, we discuss the simulation of a tenuous
plasma in which the collision frequency between free electrons and mole-
cules, v, is negligible.

We want to construct an artificial dielectric from a pellet-lilce
medium that has an index of refraction given byz

n= (1 - Ol;/u2)llz (5)

49 [

and an intrinsic impedance given by

(6)

where Cp has a frequency dependence of the forml$2

= .50 (1 - ul;/oJ2)
‘P

(7)

and where up is the plasma frequency.

In general the index of refraction of an artificial dielectric may
be calculated in a manner analogous to that employed in calculating the
index of refraction of a molecular medium. Assuming that the random
obstacles are not too closely packed so that we do not have to resort to
the Clausius-Mossotti relation, the index of refraction is given by5

n=
[ 1

c1 (1 + NXe/EO) VI (1 + Nxm/Po) 1/2

where

N = Number of scattering obstacles per unit

Xe = Elec;ric polarizability of a scattering

%
= Magnetic polarizability of a scattering

El = 1 (for Styrofoam),

PJ = 1 (for Styrofoam),

(8)

volume,

obstacle,

obstacle,

11
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co = permittivity of free space,

PO = permeability of free space.

From equations (5) and (8) we see that in order to achieve our goal
we need an artificial dielectric constructed from obstacles that have a
negative electric polarizability, Xe. If the artificial dielectric is to
simulate a plasma over a spectrum of frequencies, the value of Xe must
also be inversely proportional to the frequency squared. We would also
like the vaJue of the magnetic polarizability of the embedded obstacles,
xm$ to be : all or, if possible, zero.

A promising candidate for a scattering obstacle is an inductively
loaded electric dipole. Consider the very idealized inductively loaded
dipole schematically shown in figure 2. Let an electric field E be
applied parallel to the line between two spheres separated by the
distance Zt. The field E then establishes a voltage V=2RE e~ut between
the spheres. Assume that inductance between the two spheres is L, and
also assume that Lu >> l/uC where C is the capacitance between the two
spheres. Since we are dealing with a time harmknic field assume that
the charge accumulated on the dipole spheres is given by

then

= LQ(-u2)ejut

such that

Q=- 2flE/Lw2

or

q=- 2tE ejut/Lu2.

The dipole moment of the inductive dipole in figure 2 is then

P =2Lq=- 4E2E ejWt/Lu2

or

P = Xgej”t

(9)

(lo)

(11)

, 0



Figure 2. Lossless inductively loaded dipole.

The lossless dipole corresponds to a collisionless plasma.

where

Xe = - 4E2/L~2* (12)

If we have a random distribution of dipoles, we must, naturally, con-
sider the various orientations
in figure 3 let the E field be
dipole direction i3,we have an
therefore pair all the dipoles
oriented in the -e direction.
a dipole is

that the dipoles can assume. As shown
in the Z direction. For every random
equally probable direction -e. We can
oriented in the +e direction with dipoles
The resultant effective dipole moment :Eor

p(e) = -2 c0se(R22c0se)Ee jut/Lti2.

The average value for a random distribution of directions, pav, is then

lT/2

J /f

?’r/2

P=- 4 cos213(f.2Eejot/Lti2)2rsin e de 2
av 2~ sin 0 de

o 0

1
‘~P=- 4k2E ejut/3Lu2.

Therefore, we have

x =- 4E2/3Lu2.
eav

0 i’.

(1.3)

:13
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Figure 3. Two dipoles oriented in the 0 and -e directions.

The y components of the two dipoles cancel.

Now assuming that Xmav = O, the index of refraction of the artificial
dielectric would be

n=
[

~(1- 4NQV3SOLF)1

and the intrinsic impedance would

1
1/2

be

n =
[

uo/Eo(l -
1

4N$2/3coLo2} ~/2

In the case of tenuous plasma (ionized high-altitude air) we have an
index of refraction given by

n= (1 -Ne2/eOmu2)1/2 = (1 - 3.18010gN/w2)l/2 (14)

where N is the electron density in cm-3, m is the electron mass, and e
is the electron charge. Therefore$ if we want to simulate a tenuous
plasma corresponding to electron density N, we can determine the length
2!tand the inductance L of our inductively loaded dipoles with the
relation

NN= ~N& ~
GOL 4 som

2.39*109N see-2

14 >.



or

~~2
—=
L

2.11010-2N see-2 F/m (15)

where N is the density of artificial dielectric dipoles in meter-3, L is
in meters, and L is in henrys.

Next, we note that by introducing a resistance into our dipole we
can simulate the imaginary part of the index of refraction that arises
because of the collisions, v, per second
and the atmospheric molecules. Figure 1

o i

the dipole spheres is

d2
2LE ejut = L~+

dt2

where as before we assume
charge on the capacitance

between the plasma electrons
shows that the voltage between

LO.I>> l/IJo. Again, we can assume that the
between the two spheres varies as

Then

2iE ejut = LQ(-u2)ejut + RQjw ejut

and

Qz- 2LE/(Lu2 - jRu)

or

- 2!LEejut/(L~2 - jRo).
q =

The dipole moment along the axis of the inductive dipole in figure 1 is
then

P = 2kq = - 4fi2Eejot/(L~2 - jRu).

We see by analogy with

1
Pav =~P’-

the purely inductive dipole

4L2E ejut/3(Lu2 - jRu).

15



Therefore, we have

x =. 4f2/3(Lu2 - -jRu)
eav

and

[
l.- 4k2N/3s@u2(l- jR/uL)

‘P = ‘0 1

(16)

. (18)

Finally, we note that if equations (3) and (4) are satisfied, we have a
one to-one correspondence between equations (1) and (18).

2.2 Explicit Consideration of Dipole Capacitance

Up to this point we have assumed that the inductance used to load the
short dipole dominated the behavior of the dipole. We will.now examine
this assumption in more detail. The arguments presented here are basically
due to Barrington,15 Consider two short dipole antennas as shown in
figure 4. Antenna 1 is excited by a current”source ll; antenna 2 is loaded
at its center with an impedance ZT,. The currents and voltages of the two
dipoles can be related by the

v~ = Z~l 11 - 212 12

V2 = 221 11 - 2.22 12.

sta~dard impedances of a two-~ort network:

(19)

The voltage V can be expressed in terms of ZL and 12: V2 = ZL 12. Then
we can express the current passing through the load ZL in terms of the
current source driving antenna 1; the transfer impedance 221; the driving
point impedance of antenna Z, 222; and the load ,impedance,ZL:

221 11
1’2 = (ZL+Z22)*

(20)

o

We next make use of the reaction concept, first introduced by
Rumsey.~6*17 Rumsey defined reaction of field a on the source b, {a,b},
with the following integral:

-) 9
16
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ANTENNA I ANTENNA 2

I12

v, =Zll 11-42 12

V2 =Z21q -Z2212

Figure 4, Two short dipole antennas.

{a,b} =
JIJ

(la“Jb - Ha*Mb) dv

where.Jb is the electric
netic ~urrent density of
theorem is:

— —-

current density of source b and ~b is the mag-
source b. In this notation the reciprocity

{a,b} = {b,a}.

For a current source Ib, we can obtain

The transfer impedance in equation (19) is defined by

z
ij

= v ./1
iJ j

where Vij is the voltage at terminal i produced by the current source at
terminal j. In equation (21) we indicate that.

{j,i} = - ‘ijli’

17
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therefore, we obtain by eliminating Vij and using the reciprocity theorem

1.—
‘ij = ‘A J!T‘~‘j ‘s” (22)

We next remove dipole number 1 to minus infinity so thaE the electric
field, El, at dipole number 2 is a plane wave. King18 shows that for a
short dipole of length B, i.e. for (n/A) B < 1/2, we can assume an
induced currenc distribution on dipole 2 of the form:

1$ (Z) = 12(1-~ [21), (23)

Equation (22) then yields:

EIB
212 = — =

211
221

and from equation (20) we obtain:

221 11 EIB
12 = (zL+z2~) = 2(zL+z~2)*

Equation (23) then can be expressed as

I;(z)
EIB

2(ZL + 222)

(24)

(25)

The conservation of charge along dipole number 2 can be expressed
as

d Ii(z)

dz
+juq(z) = 0, (26)

where q(z) is now the charge per unit length, and therefore the charge
~distribution along dipole 2 is:

d I;(z)
q(z) = :=, (27)

The dipole moment along antenna 2, p, is given by the following integral:

P

B--
2

Z dz. (28)

“.o

I
‘i o
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Expressions (25), (26), and (28) then yield:

-j El B2

P = 4L0(jUL + Z22)”

If we allow x to be the polarizability of the dipole we have:

or

.

j B2
x = 40 (juL+Z22)*

(29)

(30)

(31)

Equation (31) is essentially the same as the result we obtained with the
simple quasi-static model, except for the presence of the driving pclint
impedance Z22 in the denominator. (The factor 4 in the denominator occurs
because we have not capacitively end-loaded the dipole as in figure 1.)

King19?20 derives a value for the impedance Z22 of a short dipcle:

O
[

(:)2 B2 41n (~) - 6.78
Z22 = z+ 12 -j

1
(~)b ‘

(32)

Here v is the impedance of free space, 120 ITfl,B is the length of the
dipole, and A is the dipole radius.

Up to this point we have considered the incident electric field E,
to be parallel to the short inductively-loaded dipole. Of course, the
current and charge distribution along the dipole is a function of the
orientation of the receiving antenna with respect to the surface of
constant phase of the incident electric field, Kinglg indicates that
for a short receiving antenna (with a triangular current distribution)
the projection of the electric field onto the antenna, multiplied by
the actual half length of the antenna, gives the emf of the equivalent
circuit. That is equation (24) is modified to

1

EIB
Z12 = Z’21 = — Cos 0

112
(33)

where 13is the angle between the incident electric field vector and
the antenna. For example, e = 0° when the antenna lies in the sur-
face of constant phase. We can now use the same orientation argu-
ments that we used in the development of our quasi-static model which

19
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ignored the self impedance 222. If we wish to calculate the polarization
in the direction of the incident electric field when the El vector is not 0

parallel to the dipole, we must introduce another cos 6 and integrate
over all directions. Therefore, as before

and

Pav
= XavE

or

x ~ 132

av = 12w(j& + 222)” (34)

If we set 222 = 0, B = 2E, and end-load the dipole so that the currenc
distribution is uniform and not triangular, we obtain the same result
as given by equation (13).18

The appearance of 222 in the denominator of expression (34) is in-
consistent with our desire to model a simple Lorentzian plasma. Spe-
cifically, when the frequency is such that

[1

41n(~) - 6.78
UL = (*)

(~) B
(35)

the artificial dielectric will pass through a resonance. We can only
use the inductively-loadeddipoles to simulate a plasma if UL >> 222.
We will discuss the effect of 222 in a subsequent section. An insight
into the limitations imposed by the dipole self-impedance can be ob-
tained by calculating Xav for some realistic frequencies and dipole
parameters.

2.3 Mutually Perpendicular Dipole Scatterers

Our arguments presented so far assumed that the distance between
the inductively-loadeddipoles is great enough so that their interaction
can be neglected. The use of equation (8) is based on the assumption
of negligible interaction between scattering objects. A way of in-
creasing the value of N in (8) by a factor of 3 and still not violate
the assumption of negligible interaction of neighboring scatterers is
to construct each scatterer out of three mutually-perpendicular
inductively-loadeddipoles. By using essentially quasi-static argu-
ments it is easy to see that three mutually-perpendiculardipoles with
a common center point do not interact,

20



Consider just two perpendicular dipoles as shown in figure 5. By
symmetry the current distribution along the two arms of dipole 1 is
symmetrical and equal in magnitude. Therefore, the charge distribution
along the opposite arms is equal in magnitude but of opposite sign.
Using a static argument the electric field produced by the charge distri-
bution along dipole 1 is seen to be perpendicular to the direction of
dipole 2. The dipoles therefore do not interact. Similar reasoning
applies to a dipole that is mutually perpendicular to dipoles 1 and 2
and centered at the intersection of dipoles 1 and 2. These quasi-stiitic

arguments are consistent with the more rigorous arguments presented :Eor
skew-angled dipoles by Richmond.21 If we substitute three mutually-
perpendicular dipoles for the single randomly-distributed dipoles we
simply multiply the average value of the polarizability given in equation
(34) by 3 and obtain

. ~2
Xav- = 4u(juL + 222)’

(36)

o

By constructing our scatterers out of three mutually-perpendicular
inductively-loadeddipoles we accomplish more than simply increasing the
number of scatterers by three: the polarizability of the scattering
centers is made to be independent of scatterer orientation. To be
specific, the scatterer, consisting of three identical> short~ mutually-
perpendicular dipoles centered at the origin with a dipole along each
axis, can be described with the following simple dyadic:

The dipole moment induced by an arbitrary field ~ is then

;=& “i
. .

=&* E(~sinOcosO+ jsinesin~+kcose) (37)
. . A

=XE(isin@cos@+j sinOsinO+kcos O)

but (sin e cos Q)2 + (sin 0 sin Q)2 + cos20 = 1. Therefore, the magnitude
of the dipole moment is a E and its direction is in the direction of the
electric field regardless of the orientation of the scatterer.

In order to gain insight into the foregoing result we can consider
a relatively simple situation in more detail. Figure 6 illustrates two
perp~ndicular inductively-loaded dipoles in the plane of the page. Let
the E vector of the incident plane wave also be in the plane of the page.
The third dipole is perpendicular to the plane of the page, and therefore
is perpendicular to the E vector and does no$ interact with the E field.
As shown in the figure, the Poynting vector S of the incident plane wave
is also in the plane of the page. The voltage developed across the load
of dipole number 1 is then proportional to E cos 6 and the separation of

21
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1-DIPOLE ONE

DIPOLE TWO

Figure 5. Two perpendicular inductively-loadeddipoles
do not in~eract.

charge on dipole number 1 in the direction of the incident E vector is
proportional to COS29, that is pl,E I = K COS26. A corresponding argu-

1ment (see fig. 7) leads to the cone usion that the dipo~e moment of
dipole number 2 in the direction of the incident field E is given by

J
P2,EI ‘Ksin26. The total dipole moment in the direction of the vector
E of ipoles 1 and 2 is, therefore, given by

‘m = ‘l,EII ‘P2,EI[ =
K COS29 + K sin2El

=K=-j
J.J2E

4w(juL + 222)”

(38)

Let us now consider the polarization perpendicular to the fivector. As
shown in figure 8 the voltage developed across the load on dipole 1 is
proportional to E cos 6 and the dipole moment perpendicular to &he E
field or parallel to the S vector is PI El= - K cos Clsin f3. As shown
in figure 7, since the voltage across the load on dipole 2 is proportional
to E sin 6, the dipole moment component of dipole two perpendicular to
the incident field is

-) 9
22
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p, ~1, = K COS26
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“Ke ‘N ZI
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TWO VOLTAGE ACROSS Zl

/

IS PROPORTIONAL
TO E COS (3

o

Figure 6. The vector pl ~11 is the dipole moment component of
9

dipole 1 that is parallel to the incident electric
field.

‘2,E1
= K sin e cos e.

So for the total polarization perpendicular to ~ we have

‘1E = ‘l,E1 + ‘2,E1

= K (-sin 0 cos 0 -1-sin e cos e)

= o.
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Figure 7. The dipole moment of dipole 2 can be resolved into
components parallel and perpendicular to the incident
electric field.

In summary, we see that the rather tedious arguments leading to equations
(38) and (39) are consistent with the result of equation (37). Of course,
as the length of the dipoles is increased, the simple trigonometric de-
pendence for the current or charge distribution does not hold, and the
polarization is not independent of the direction of the incident electric
field.

2.4 Coupling of Scatterers

The dipole interaction of the scattering objects, each consisting of
three mutually-perpendicularand centered, inductively-loadeddipoles,
will be considered next. The starting point for the discussion of the
coupling of scattering objects in both real and artificial.dielectrics
is the formula of Lorentz for the field within a hollow spherical cavity
(centered at a particular molecule or scatterer) cut out of the dielectric
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Figure 8. The vector Pl,E~ is the dipole moment component of

dipole 1 that is perpendicular to the incident field.

(fig. 9). The displacement vector D normal to the dielectric surface
between the sphere and the cavity must be continuous; therefore, the
magnitude of P normal to the cavity surface equals the nega$ive of the
induced surface charge density ai. We may write oi = - IPI Cose.

The field inside the cavity due to ai can be calculated at the center
,. of the cavity with Coulombls law:

f

‘i
ds COS 6

Es =
41T so R2

s

99 (
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Therefore, the local field at the center of the cavity at a particular
molecule or scatterer is

Here E is the ordinary macroscopic field, P is the polarization of t’he
dielectric, and E2 is the mean field due to the matter within the sp’here
itself (exclusive of the central scatterer). The magnitude of E2 will
depend on the distribution of scatterers within the spherical cavity.
Lorentz showed that if the molecules are arranged in a cubical array, E2
will be zero. Lorentz also indicated that to a certain degree of approxi-
mation E2 = O for such isotropic bodies as glass, fluids, and gases,
We will discuss this approximation in a later section.

Assuming that E2 = O, we obtain the following value for the local
field at a scatterer:

+

‘1OC
= i +$/3co (40)

The dipole momentof a scatterer is then ~ = Xav3 ~loc, but,

;= ;N = xav3Nii10c

where N is the number density of scatters per unit volume. According
to the usual notation:

++E;= EO E + P.

I
o ‘i

Therefore

3= i (E - Eo)
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and
+

;= ‘av3 N‘lot = xav3 N (~+f/3so)

+
E(el-eO)

= Xav3 N (:+
3E0 ).

This is the Clausius-Mossotti relation. Equation (41) can be manipulated
to yield:

1+2 NXav3/3co
E = E

ol- N Xav3/3c0 “
(42)

The above expression is only valid when the local electric field Eloc at a
scattering

+
E
Ioc

where E is

obstacle can be expressed as
—

= ;+3/(3so) (43)

the space average field inside the artificial dielectric.

The local fields for simple tetragonal and hexa onal lattices have
also been calculated by a number of workers. YCollin S22 considers a
three-dimensionalarray of y-directed unit dipoles at x = na, y = mb,
and z = SC. He excludes the dipole at x = y = z = O and calculates the
local field at x = y = z = O. The potential due to a unit dipole at
Xo, yo, 20 is

@ .- (44)
4n co r3

where r = [(x - X())2+ (y- yo)z + (z - 2.)2]1/2. For the array of
y-directed dipoles we then have (fig. 10)

a w C3

$J--- Y - mb
= 411Eo n& s~-m ~j:m

(45)
[(x-na)2+(y-rnb)2+(Z-SC)2]3/2

where the prime indicates the omission of the n = m = s = O term, The
effective polarizing field at x = O, y = O, z = O will then be E + Ei,
where E is the external applied field and where

al
‘i = - ay x’

=y= z = o

28
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Figure 10. Three-dimensional array of inductively-loaded
dipoles enclosed in styrofoam spheres.
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al

1
co ~1 2(rob)Z-(na)‘-(sc)2

=4=eozzz

[ 1(mb)2+(na)2+(sc)25/2”
(46) ‘

m=-w n.-= s=-m

Note that the above expression is not only evaluated inside the Clausfus-
Mossotti sphere, but over all space. We therefore do
a contribution from the inside surface of the sphere.

Collin evaluates expression (46) and obtains

where KO is the so-called modified Bessel function of

not have to consider

(47)

order zero. Equa-
tion (47) is for unit dipoles. In our case of inductively-loadeddipoles
we would have

‘i= :{~-:[.of?)+.o(%)]~xav,
or

‘1OC [[
=E+&~-~ K. (~)

m b3 b3

+ K. (~)
1/( ‘

B2

)
4U(j0.&+z22) ●

(48)

(49)

The above equation corresponds to a cubic lattice if a = b = c, a tetra-
gonal lattice if only two of the quantities are equal, and a hexagonal
lattice if none of the quantities, a, b, or c are equal. IInthe case of
the cubic lattice we find that

%oc = E+’””6N,av,
T E,

and, therefore

(51)

which is to be compared with equation (42).

30
.0

,,



,,

4J c 2.5 Deviations from the Clausius-Mossotti Equation Due to Randomness
of Scatterers

J.K. Kirkwood23$24 has calculated the deviations that one might expect
from equation (40) in the case of a random distribution of molecules con-
sisting of hard spheres. Specifically, Kirkwood considered a molecular
interaction potential of the form

W(r) = w o~r~a
(52)

= o r>a

where a is the diameter of a molecule.

Kirkwoodfs model is not wholly applicable to an artificial dielectric
formed by dumping spherical scatterers into a container because the
scatterers do not necessarily assume a completely random distribution.
For example, depending, among other factors, on how smooth they are, the
spheres can arrange themselves into various specific lattices or combina-
tions of lattices. The different lattices can even correspond to dif-
ferent dipole number densities.

I

It is interesting to note that statistical mechanical averaging
based on the molecular interaction equation (52) yields a value of the
permittivity that is not a function of the thermodynamic temperature T.
This follows because the value of the exponential term exp[-W(r)/kT] is
either O or 1. In a gas or fluid the averaging can be over time; in our
static collection of scattering dipoles the averaging would have to be
over an ensemble of different containers each filled with a aggregation
of spherical dipole scatterers. Kirkwood’s approach can be summarized
as follows: As in the lattice case, the local field is obtained by
summing over the potentials due to individual dipoles. We can say that
the effective polarizing field Eloci at scatterer i will be given by E + Ei,
where E is the external applied field and Ei is given by the sum over N
individual dipoles:

+i

where the dipole-interaction dyadic is given by

++
11

[

_ ~ ‘ik ‘ik
= 4TE~ r3 ~~k ‘— 2

ik ‘ik 1

(53)

(54)

0
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The polarization of an individual scatterer is given by

Fi = ‘O~*lIo~i = ‘o~”(~ + ‘i)

We therefore have N simultaneous equations

(55)

,

that would have to be solved in order to obtain E~oci for each of the
individual scatterers in the distribution of N scatterers in volume V.
We can average the N equations and obtain

;+ aco ~ ~k”;k = Cqz (56)

Kirkwood23~2q introduced the following fluctuation term

and obtained

—.

;+ aco Z Tik*; + %so= aEoi$

If we can assume that

—

the fluctuation ~ is equal to zero and

Converting to the equivalent scalar equation we obtain:

acOE
r=

1 +acO(ZYik)’

32
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(59)

(60)

(61)
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and

D= &E= COE + P (62)

(63)

The dipole interaction term can be averaged over the volume v to yield:

zTik = -+:,

also

‘av3
a =—

.50

and therefore

E = &o

(64)

(65)

(66)

or

2 N ‘av3
l+–-—

3V so
E = E() ●

1
1 N ‘av3-—

-5V co

(67)

Equation (67) is to be compared with equations (51) and (42). After
considerable rn.athematical..rnanipulationand a number of approximatiorls$
Kirkwood managed to evaluate equation (57) for a substance consistirlg
of a random distribution of hard noninteracting spheres of diameter a:

5 ~PJ2a2D
n= (&-—— 48v V

(68)
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where /

b
,2TrlVa3~

3
= 4~ ($)

= 4 (volume of spherical scatterers).

TO obtain a rough estimate of the validity of using the Clausius-hlossotti
equation for a random distribution of styrofoam ball dipole scatterers,
we can compare the value of n given by equation (68) with the value of 23

1-
~+liva

ctXTik= ——
3V

For the experimental situation discussed in Section 2:

n

1
= .22

‘aXTik

and we might expect the Clausius-Mossotti equation
first approximation. Actually, as we have pointed
statistical model is not necessarily applicable to
dipole scatterers because the dipole scatterers in

to be a reasonable
out, Kirkwood’s
our aggregation of
the artificial die-

lectric do not necessarily assume a random distribution. The validity
of the Clausius-Mossotti equation as applied to our artificial dielectric
should really be tested empirically.

3. COMPARISON OF EXPERIMENT WITH THEORY

In order to orient ourselves in regard to the parameters such as the
dipole load impedance and 222 we will use equations (36) and (42) to
design an artificial dielectric with some actual experiments in mind.
The frequency range considered will be dictated by the band pass char-
acteristics of the type 2300 waveguide. The type 2300 waveguide, the
largest standard waveguide, has internal dimensions of 23.0 x 11.5 in.,
a lower cutoff frequency of 2.56 x 108 H, and a recommended upper fre-
quency limit of 4.9 x 108 H. The frequencies in this range are much
higher than the values usually quoted for nuclear EMP pulses, but we will
consider designing an artificial dielectric to operate at these high fre-
quencies because of the convenience of using waveguide techniques in
measuring the properties of an artificial dielectric.

Let us consider the following series of parameters as an orientation
exercise. We begin with an artificial dielectric constructed out of
scatterers consisting of three mutually-perpendicularinductively-loaded
7-in. long dipoles loaded with a number of different values of inductance.
Let the dipole stems have a radius of 0.1 cm. We choose the density of

-) @
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scatterers to be 264 per cubic meter. This density corresponds to anc aggregation of 48 scatterers distributed throughout a rectangular ccm-
tainer with dimensions 23 x 11.5 x 41.5 in, Equations (36) and (42)
can be employed to calculate the dielectric constant of the artificial
dielectric as a function of frequency in the band-pass region of tha
type 2300 waveguide. Figure 11 shows values of the real part of the
permittivity calculated with equations (36) and (42) for a frequency
range between 300 and 500 MH. The four curves correspond to dipole
load inductances of 0.4, 0.6, 0.9, and 1.4 BH. The magnitude of the
radiation resistance of the dipoles is very small compared to the values
of the magnitude of the inductive loads; therefore, the imaginary com-

ponents of the permittivity are very small.

I,0 /

L= 1.4PH

1
1 1 1 ,

0 320 340 360

Figure 11. Values of
equations
inductive
cussed in

380 400 420 440 460 400 500
FREQUENCY IN MHz

relative permittivity calculated with
(36) and (42) for a number of different
loads. The other parameters are dis-
the text.
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If we want to model a Lorentz plasma in which the electrons have a
collision frequency v ~ O, the load impedance of our dipoles must have a 1 e
resistive component. Equation (36) then becomes: ,’

~
B2

xav3 = 4u(juL + R + 222) (69)

where R is the value of the resistance. In figures 12a EO 12d we present
values of the real part of the permittivity calculated with equations (69)
and (42) with L = 0.4 PH. The series of four figures shows the effect of
different values of the resistive component R on the magnitude of the
resonance occurring when juL = 222. Figure 12a, corresponding to a purely
inductive load, emphasizes the resonance behavior of the artificial die-
lectric produced when the load inductance L is in resonance with the
capacitive impedance of the dipole. As can be expected the Q of the
resonance is reduced by including a resistance in the dipole load im-
pedance.

{
lo———————————— ——————————— ——————-

8-

6- L = .4P[+

R=O.fl

4-

2-

0-
2.4 2.6 2.8 3.2 3.4 3,6 3.8 4.0 4,2 4.4 4.6 4.8 5.O

z _2
w

;

5 -4.
0
.J
a
w
a -6-
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Hz X 108

THE Q OF THE RESONANCE
WHEN R=O IS DETERMINED
BY THE RADIATION Resis-
tance OF THE DIPOLE.

Figure 12a, The real component of relative permitti,vitycalculated
with equations (69) and (42). The value used for L is
.4 VH and the value used for R is 00. The other
parameters are the same as those employed to obtain
figure 11.
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Figure 12b. The real component of relative permittivity calculates
with equations (69) and (42). The value used for L is
.4 UH and the value used for R is 50fl. The other
parameters are the same as those employed to obtain
figure 11.
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Figure 12c.

3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4 4.6 4.~ 5,0

Hz X 108

The real component of relative permittivity calculated
with equations (69) and (42). The value used for L is
.4 VH and the value used for R is 100S2. The other
parameters are the same as those employed to obtain
figure 110
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Figure 12d. The real component of relative permittivity calculated
with equations (69) and (42). The value used for L is
,4 PH and the value used for R is 2000. The other
parameters are the same as those employed to obtain
figure 11.

In our first experiment we searched for the resonance predicted by
equation (36) and shown in figure 12a. The experimental technique25

‘was straightforward and is depicted in figure 13. The ratio of the
incident electric field E1 to the reflected electric field ERwas ob-
tained by measuring the standing wave ratio with a slotted line. The
artificial dielectric sample shown in figure 13 consists of an aggrega-
tion of 48 of our 7 in. styrofoam balls each containing 3 mutually-
perpendicular dipoles. The balls were enclosed in a rectangular box
measuring 23 x 11.5 x 41.5 in. The results of the experiment are shown
in figure 14. It is comforting to note that there is a large reflection
at approximately the frequency of the resonance showm in figure 12a.

In a second series of experiments we measured the permittivity of
our artificial dielectric utilizing the well-known shorted waveguide
technique described in great detail by von Hippe126. Very briefly, the
technique consists of measuring the null point of a standing wave in a
shorted waveguide. A sample of length ! is then inserted into the
shorted waveguide and the shift in the standing wave null is noted. The
index of refraction of the dielectric sample of length k can then be
calculated in terms of 1?and the shift in the standing wave null point.
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Figure 13. Experimental setup used in determinil,.the resonance
frequency of the artificial dielectric. The sample
consisted of 48 scatterers or ‘fmolecules.r’The
V.S.W.R. or voltage standing-wave ratio was determined
with a slotted line.
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Figure 14, Experimental
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Our experimental values of the index of refraction and some calculated
values are shown in figure 15. The measurements were of two different
artificial dielectric sample sizes”, one sample consisted of an aggrega-

tion of 24 scatterers measuring 23 x 11.5 x 20.75 in. in volume. The
length of the sample was, E = 20.75 in. The other sample consisted of
an aggregation of 48 scatterers in a rectangular volume measuring
13 x 11.5 x 41.5 in. In this case, !2= 41.5 in.

The difference between the theoretical index of refraction curve
corresponding to L = 0.4 PH and R = O and the measured index of re-
fraction is about 30 percent. A possible source of the disparity be-
tween experiment and theory is that we used the dimension of the card-
board box that enclosed the scatterers to obtain 1. The effective
length of the very granular artificial dielectric sample is most
probably not the size of the box containing the scatterers. The
boundary of our artificial dielectric is somewhat nebulous and needs
more study.

Further experimental measurements of the electromagnetic character-
istics of our inductively-loadeddipoles are now under consideration.
These new measurements would involve the irradiation of a monopole that
is immersed in an expanse of artificial dielectric medium. The new
experimental approach would overcome the limitations imposed by the
relatively small size and narrow frequency band pass of a waveguide.
The measurements could also be carried out at lower frequencies which
are closer to the actual nuclear EMF spectrum. As the frequency is
lowered, the size of the scatterer compared to the wavelength would
decrease. That is to say, the artificial dielectric would have less
granularity and the boundary of the artificial dielectric would become
more well defined,

If we construct a cylindrical monopole of height H-it’wouLd have
a resonance or maximum skin current at frequency f given by

f
. 4H

—,
Tc

If the monopole were then submerged into an artificial dielectric with
an index of refraction n, the resonance of the monopole would change to

f
. 4H

~ n.

The influence of the artificial dielectric of the resonance character-
istics and skin currents of other shapes such as a sphere could also be
studied.
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Figure 15. The accuracy of the experimental points is limited
by the granularity of the sample and the corresponding
indefiniteness of the sample edges.
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4* SUMMARYAND CONCLUSIONS

We first introduced a simple quasi-static model of the artificial
dielectric consisting of inductively-loadeddipoles which (1) ignored
the dipole capacitance, and (2) assumed that the dipole-dipole inter-
action could be neglected. These two simplifying assumptions yielded
an expression for the permittivity of the artificial dielectric that
behaved in a manner surprisingly analogous to the permittivity of a
simple Lorentzian plasma. It was noted that the granularity of fluc-
tuations of the artificial dielectric could be decreased by constructing
the dipole scatterers out of three mutually-perpendicularscatterers.

Then the effect of the capacitance of the inductively-loadeddipole
scatterers was examined and limits set on the assumption that the in-
ductance dominated the behavior of the inductively-loadeddipole. Next,
the effect of dipole-dipole interactions on the artificial dielectric
was considered. A relatively rigorous expression for a cubic, tetra-
gonal or hexagonal lattice was obtained. An estimate of the effect of
a random distribution of scatterers on the value of the permittivity
predicted by equation (42) was also obtained.

It is interesting that the more exact expressions for the dielectric
constant of the artificial dielectric, which considered both the effect
of the capacitive dipole impedance and the dipole-dipole interaction,
did not model the behavior of a Lorentzian plasma as well as the original
simplified approach. Nevertheless, the artificial dielectric did have
an index of refraction less than one over a relatively broad spectrum.
We are now looking into the possibility of improving correspondence
between the frequency dependence of our artificial dielectric and a
Lorentzian plasma. The approach being investigated is based on the
substitution of a more complicated one-terminal pair in place of the
simple inductive dipole load used in our present scatterers. By syn-
thesizing a suitable one-terminal pair out of a number of lumped im-
pedances we hope to improve the correspondence between the frequency
dependence of the artificial dielectric and a Lorentz plasma.

The experimental examination of the theoretical expressions for the
dielectric constant of our artificial dielectric was constrained by the
dimensions and frequency characteristics of available waveguide equip-
ment. The predictions of equations (36) and (42) for the dielectric
constant of the artificial dielectric were found to be in fair agree-
ment with experimental results.
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c<.,..

mtr LE3COLX L4.WRkTORY
P.o. 60!4 11 } 244 woo $TRgEr
LEXIHGTON, M4SSACIWSET1S 0ZL73

ATIN AL4#l G. ST4NLEF

C.$. ORAPE% Lh&ORktORY OIVIS!W OF
HhSSACMJSETTS rNS111U16 OF TECNVCtQGV
224 AL6ANY STREET
CbWBRLDGE M*3S&CHUSET1S 02239

All% 6EVVETH FERrl G, M.$-al
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(B L
TEXAS rfc H “NI” CR S,T”
P O 6(JX 5,04 NuRTH COLLEGE S7A
LUR80CK, TEXAS 79609

ATT, lR&”, S ‘ S,” P,ON

AENOJE1 tLECIRO-SYSTEMS CO. DIV.
AEQOJE1-G5YER4L CORPORA TIOM
P.o. Box 296
4ZU$4, C4Ll FORNl A 91702

ATIV 1.0. HA NSCOME, 61#1/ ,70
A1T9 R., . K4KU04, B-194/D-6121

&E ROJET EN[RGY CONVERSION COMPANY
AEROJET LTUUt D ROCKEr COMP4MV
P.o. mx 13222
SAC@& MkNTO, CILIF,JRY1, 958,,

ATIN DEV1 8130

AEROJE1 ENLRG” COMVk R510N Co.,,.”
AEROJE1 NuCLEAR SYSTEMS COii ANY
P.IJ. 8“, ,,’370
$ACRAP?V1O, CIL [F ORU1, ..3”,,

All, TECH

PACE t0i7p0R47t0N
OX 92957
*GE LES, CAL1F0RNt4 90009

:!S H41
OFF of lEC” $!JR”, ”

AEROSf
POE(
LCS A,

ATTN FR&NC
AI TWOIR,

4T1N
ATIN
A7 r~
4T1h
41r M

ATIN
ATTN DIR, I

R. MORIEti SEN
ATIN J OENVEN!SIE

.,. .. . ...
H& RDENEO REENTRY SVSTEHs,

AFERIC(, MJCIEONICS CORP.
AT T,, SECURITY oFF, cCR

6036 V4RIEL AV.
WOODLAND HILLS, CAL IFCUM14 913t.4

4TTN OR R N CHOSE

ARINC RESE&RCH cDRP3tA, ,OM
UESTERN D1v1S1ON

1222 E NORMANDY PLACE
P.0. 80X 1375
SANTA ANA, CAL IF ORM!A 9.2702

41Tn DCP MCR ENC, J M 4L0EkMAN

4RT RESEARCH CO RP0R4710tl
1100 GIENDON AVENUE
LOS AWGELES, C4. 9002+

bTTN AR IHUR SANDERS
Arrti T. JORDAN

4STR0ti&UT1CS CORP OF AM ER[c&
907 S91” FIP. sT Sr
HILUAU. CE h’ISCOl<Sli 53204

A1l N T KERN

AVCO SYSIEHS DIVISION
201 LDHCIL STREET
w1LMING1OM, P4SSACHUSETTS 01887

4TTM RESE4RCH L18R4RY 4220, RM 2201

AvCO-EVIREtl RESEARCH LA80RA70RV
23d5 REvERE 8EACH PA RK.UAY
CVERET1 I! ASS D21+9

A77d lDRAIN vii Z4R0

8A1TELL5 ME MOR14L lNSIITUTE
505 KING 4VEYUE
CC LUMBUS, uH1O 43201

All.+ R. F.. THA7c HER
41TN 5Tu14c

8EECM 41 RCR4FT CORPORAIl ON
970Q E4ST CENTR4L AVENUE
WICHITA, KANSAS 67201

ATr N EO.ln O L, 8.4DELL

SELL 4EROS?1CE CO HP ANY
DIV!S1OY 0s TEXTRON, IVc.
P.o. 8(JK 1
BuFF4Lu, NEM ‘iORK 14240

ATTN MS F-11, MARTIN 4. HENRY
ATTN CA*L n SCH3CH, MPN5 EFFECTS c,?

BELL T.. EP)IONE LA BORAIURIES, INC.
MOUNr IL* 4VENUE
MuRRAY HILL, NEW JERSEY 01974

4TTN t,, J& RR ELL, R)! wH-2F-153
4TTN 1 .(,. WRAND
ArTv R,,). TAFT, RH 20-181
Arlv A H CA RIER. MH-6522
A1l N II J DE IZEL
&71M FR4tiK P ZUPA

. . .

8ELL TELEPHONE LA CIOR410R! ES, [uC
lhTE8S1ATE 85 47
MT. HOPE CHURCH ROAD
?.0, BOX 21447
GREENSBORO, NORTH CAR Ctl NA 27420

ATT). CHARLE3 E. BOYLE
411X JAYES F. SUE ENEY

21 E>4DIX co RP13KATl u,<
RESEARCH LABORATORIES D1.l SION
BENDIX CENIER
SCUIH$IELD, H1CH1G4Y 48075

All!+ HAv AGFR, PROGR4M DEvELoPMENT,
HR. OOt, ALO J. tir EH4t1s

FARRELL

BOEING COUP bNY, THE
P o Box 3999
SE4:; ;f, D ~ASHINGIUN 98124

DYE, 2- bO05, 65-21

B002-A8 ‘.EN APPLIED RESEARCH, INC
106 APPLE STREET
HEM S~EU3HURY, NEw JERSEY 07124

AT7N FREDERICK NEU70N

t. R4DDXC, UUNM + MC OLWALD, INC.
P o Box 86’35 slATr OM c
4L8uLluEROUf, NEw MEXICO 87109

417!( ROBERT S. BUCH&NAH

BRA ODOtK, DUNN + MC 0ct44L0, lMC,
.S027 LEE SBURG PIKE

MC LEAN, vIRGINIA 22101
ATTN J.v. 8R4D00c K
bllN J J KALINOWSX[

8RDwN EN CINEERING CO HPAMV, l)cC.
RESE4RCH PARK
HUNTSVILLE, AL& B4MA >5807

ATIN D. LAM!JERT, !43 126

CAL3Pbti CO? PO RATIOM
P 0 8.K 235
BUFF ALU, NEH YORK 14221

ATT)+ R H 01 CKH4UT, OLDG 10, !M 341.

CHRYSLER CORPORA71DV
DE FEN3E DIv ISIDN
P o Box 757
DETRoIT, MICHIGAN 48231

ATIN R,F, GENTILE, [1!!S 435-01-21

COLLINS RADIO COMPAYY
5225 C AVEVUE, N. E.
CEDAR RAPIDS, 10UA 52406

AT1ll E.E. EL LtSUY, LISR4R IIN

CCMpUTER SCIENCES c0RpDn471DM
P D BDX 530
FALLS <vuRLH, VI RGIlllk 22066

AT T.. JOHN O ILLGEN

CUTLER NAMMER, INC.
AIL D! VI SlOM
CCH4C R04D
DEER PARK, NEw YORK 11729

411N CEXIRAL TECtlNl C4L FILES,
A1(NE ANTHONY

ATT!+ R1CH4RD J MOW!

O! KEHOOD CORPORATION, 7tiE
1009 8R4DBJRY DRIVE, S.E.
UNIVERSITY RE3E ARCH ?4RK
AL E!uQu ERQu E, NEW MEXICO 87106

Al T)/ LL”YD WAYNE DAVIS

E- SYSTCHS !NC
GREENvILLE D1VIS1ON
MAJOR ‘!ELO
P 0 ~r: 1056
GREENV:. LE, TEXAS 75401

AITM LIBRARY
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EF6$[T$ TfCHVOLOGV, 1%.
53#3 HOL !SIER AVENUE
Sbh TA M4Rf’,A%&, CAL IFOR-4!4 q)la5

&C13 L1l. ARD JOHN S1t EIC

EC*G, [Yc
SAN RANOM 0PERAT1C4AS
P.o, &ax 20+
SAN RAM3N, C& LIFORN1k 9,5s3

hrl~ BuRNELL G, tiEST

EG+G, INC.
?’.0. 80% 63>9
ALBuQuERQuE, NEW MEXICO 87106

4TTN hEYL4tJ0 0. GEORGE
41rN ntLOA H0Fv14AM

EIIERSO, ELECrRIC COMP&iV
3J1OO FL2R{SS ANT
S1 LOUIS, N!5SOURI 63136

A1l N 00 CUHEN1 COMIRdL

EhERGY CON VERS1ON OEV ICES, [NC.
1b75 ussr MAPLE Ram
TROY, H1CH1G4N +80.3+

AT7N L1ONEL R0Hl!1M5

FAt RCHILD INDUSTRIES
SHE RUM FA1,RCH11O lECIMOLOGY CEkTER
Fbl RcHILO DRIVE
GERM4tAF3hti, MAR YLAVD 20767

AITW LE2NkRD .3, SC WIE18ER

FAIRCH ILO CAKERA ● 1FJS7E”!(EHT COR,
464 EiLts srnccr
HOUMTA, V VtEM CAL IFORV IA 9+040

ATT(: SE.CUUt TY DEPT FoR 30-20+
DAV CD K MYERS

GARRETT cOn PORArlo!s, THE
9851 SE PULVEO& BLVD
LOS. AvGELES, C& 90009

AITM P.Ob:Rl HElk, 02PI 93-*

GENERAL CIYNAMICS CO RPCA4TIOM
CCNVAIR AERoSPACE O1V1S1ON
2.&N DIEGO OPCR411 OFIS
P.O. BOX 1950
SAN DIEGO, CAL ZFORFJIA 9211.3

AITN V J Sb!EENEY, ltLIEROIV RESEARCH

HOUS ION

GENERAL ELECTR[C CO*PAVY
P.o. Box 1122
STRACUSE, MEM YORK 13201

AT1!4 HHES. 2!LDG 1. RM 4,
.3. R. C4!EEN6AUM

ATIN CSP 6-7, L.H. DEE

GENE*AL ELECTRIC COHP&VY
AEROSPACE ELECTRONICS CIEPARrMENr
FRENCH U040
uIICA, VEU YORK 13502

4rTN H.J. PAr TEkSON, DROP 233
ATTtJ H41L SIA 62+ FREO NIcOTERk

GENERAL EL ECTR[C COWPhVV
P.o. BQX 5000
BINGHAUION, NEW YORK 13902

AITt B.K. sHfJuhLr ER, no 160

GENERAL ELECTRIC COHPkNY
OR DN4NCE S! SIEMS
100 PLASFICS AvENUE
P1; TSFi ELO, n4SS4CHUSEr TS 01201

ATIN DAv’[L7 CO RtiAN, HN 2276

GE MERAL ELECTRIC COUPMY
LOO M30DLAuM AVE
PIT IS FIELO, &k SS&CHU5E1T3 01.201

4TTPd FR&NK F IS HER, 3. LOG 9-209

GEvERAL ELECTRIC COi!PAVY
RE ENIRY + ENVIRONHENThL SYSIEMS OIVIS1ON
? 0 box 7722
PH!LADELPNIA, PENh SYLVAN[L 191OL

AT1tl ROb&Rr V. L!EM EDICt

GENER A,. EL ECr RIC CORPWY
SPACE .1 VI S1ON
VALLEY FORGE SPACE CENIER
P.c. Box 8555
PHI U05LPMIA. p5NksYLv4t+lk 19101

A17V JOSEPH C. PECIE3, CCF 8301
4TFN RAO1krt OM EFFECrS !. AF.,

J.L. AN OREUS
4TTM LIw.w.tk N. L. t. C.H4S6N
Arw 0AV5EL EC?ELM&N
ATTN J.P, SP.4ArT, M 9421

GENERAL ELe CrRIC COLIPLNY
TEHPO-CEMTt R FOR AOV4%ED SrUDIES
516 STATE 5TRfEr
SAtil& ?.LR8ARA, CA LIFOR%[& 931OZ

ATIN DAS14C

GE?ER6L RESEkXCH CtiRPOUA1 [UN
P,o. eux >5br
$Ivrh 84 R3.AR4, CAL IFORVt A 9)1G5

AT1!4 TECH INFO OFFICE FOR R.O HILL

GENERIL RE5EARC.H CORPO*Ar 103
1501 WtLSDV 6LV0.
AR LIv GTON, VI RGIMIA 22ZOq

ATT- OR WI LL!AH JO HYSOV

cotiovfhu AC ROSVACS coumurfotc
AR120N4 C)1V1510N
L11CHF16LD PtiRK, ARltuMh 85360

41FV 0 U& NXIPiG

GRu IIU64 AEROSPACE CO RPIJR4r10t4
SCUTH .lSTER B&Y ROAO
BE IHPAb., .lEn YORK 11714

Arrl J. ROGERS, PLAVT 35, OEP1 535

GTE SYLVANIA, [NC.
17 4 SCREEr
tiEED144R, HAS S4CW5E1TS 02194

AITN Ltl!, C. lWRNHILL
hrw ELt CT SYS G? S!V ENG DE*T

J h wALORO%
4TrN J H lERRELL
kTrN ELECT SVST DIV, L L BLAISOELL

GTE SYL#ANIA, INC.
CC UHUMl CAr[17JS <Y SIEHS OIVIS1ON
L.w n SIRCCT
NEEOHMI, MASSACHUSETTS 0219+

ATr V S!V ENG. CEP1. J.A. NSLDROM
ATT? ASM OEPr E P KOICHOK
ATT:. kSM DEPT OR J H TER8ELL
ATTli AS~ DEFr 3 h F1ERS1ON

H4ZELTIVE CORPOQ.4Tt0M
PULASKI R040
GREEN L&HM NEU YORK 11740

Arrw J B Cototwa

MERCUIES 1t4C0RP0R&TE0
8ACCHUS PL4NT
PG Box 98
MACN4 UTAH 84066

Arlti 100 K-26-U R WODRUFf

HCN17YMELL INCORPORATED
4EROS PACE OIVISt ON
13350 u.S. HIC4+U4Y 19
Sr. FEr ERSSURG. FLORIDS 33713

k[TN MR. HkRR13U~ It. NOBLE,

ST&PF C4GINEER. Hi 725-5A
ATTN hDV4FlC60 DEVELOP?4E?C1.

JAHES 0 AI. LEN 724-5
AITU MS 725-5, R.C. SCH8ADER

HONEYWELL, lvC.
fIh014T10N CEISIER
2 FORBES ROAD
LEXINGr ON, MASS AC W.ISETr S 02L73

krTN TECHN [CAL L18RARY

HUGHES k IRCRAF1 COHP4NY
GRCUNCI SYS{ EMS GROUP
1901 MEST %4 LvERu AVEMJC
FULIERt ON, C6L!60RN!4 9263$

4TTY TECH!+ ICIL L18B.ARY 8LDG 60’0 US_C-2Z

lkSTt TUIE FOR OEFENSE 4N4LYSES
+00 b.RH.t’-MAVY DRIVE
4RL!14G13N, Vi RG1ti[A 22202

ATTU CL AS S16[ED LfBXARY

Ihl ELCOM/R40TECH
P0 Boxaoal?
SMi O1r;O, C4L[F0RNi4 9213S

S.11.: CR W 1 J VLN LINT
ATIN R L ME*12
AITN JAMES h HA8ER
41TQ LEO O COr TER
LIT% EERRV M FL AN IGIN
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lhTERNA1l ONbL ElUSlt4ESS MACHINES CORP.
40u TE 17C
ONE CO, *Eu YORK 138Z7

111 N D.C. SULLIVAN, OEP1 H40, 102-1
ATIN FRANK FRANK CIVSKY

lMTERNAT IOVAL TCLEPHONE AVO lELEGRAPH
CGRPOR4T 10t+
492 RIvER @040
NuTLEY, ti~d JERSEY 07110

ATT!+ DEFENSE-SPACE GROUP, S*T$,
FR4NK JOHN$DN

A77w hLtx ANOER L. RtCHAR05m

KAHAti s. IENCES CO RPOR&ll OM

LOCKHEED MISSILES AYO SPACE COMPANY
3251 HAKOVER STREET
PALO ALTO, CALIFORNIA 94306

AITN DR. CLARENCE f. KOOI,
DEPT. 5?-11, 8LDG. 204

ATTM OR LLOYn CHASE
AT1’i OR H u41T, DEPI 52-10, 8LDG 201
AITh OR S E SINGER, OEP1 5.2-20, BLOG 20

LOCKHE?D MISSILES Ati D 5P4CE COMPAMY
OIVISl~q OF LOCKHEt O A! RCRAF1 CDRP.
.s.0, 9,x 504
SUNNYVALE, CALl F0k141A 94088

ATIv H. SCtU4EEHAh, 61-62
ATIN )!365, oEPT 81-23. !?LOG 154
AITN L 6 H%AR NE, D/81-14
AITN R.!+. MUNSLYI, Q&P7 81-01. BLDG 1
A11t4 W. KOZUYPLIK, lECHN1t AL

lti?0RM4T10N Ctll ER, BLOG 201
ATIN G F HEATH 0/81-14 8/154
ATTM DEPT 85-85, .SLD& 15$i-c =~,$ c.
A1l N L J
ATTN KEVIN MC CARIHY

.. .. ..
80ss1 0/81-62 L1/150

I.lV AFRo SP4CF CDRPORAr 103
VCUGH1 HIS SIIES + SPACE COWPANY
TEXAS DIV1$!OV
P.O. 80X 6267
DbLL4S, TExAS 75222

hrl, TkCt(NIChL DATA CENTER

!41RT1N MAR IETT1 CORPORA TIO%
DEvvER DIV{S1ON
P.0. BOX 119
DENVER, COLORADO 80201

&TIH 6617 RESEARCH L!.3R4RY J R MC KEE
A7TN SPLC IAL PROJECIS M41L 0130

MJR71N HAR1ETT4 CORPOILA1l Oii
0RLAND3 DIVISION
P,o. OoK 5837
OQLANDU, FLoR1oA 32805

4TTN W.d. HRAS, UP-413
ATTM ENG LIBRARY, M.C. GRIFFITH, MP-30

MCDOMNELL DDuGLAS CD RPUR411OU
53o1 80LS4 AvE14uE
t$JNTINGr OM 8E4CH, CA L! FDRM14 92647

411! H L ANDR& DE, MS 17
8800 ADV EL EC T/R+D

HCDC+4NELL DOUGLAS CORPd RA7t0N
P.O. 80x 516
S7, LOJIS, HIS SOUR[ 63166

hllq UR TOM- ENDER, DEPT 313, OLOG 33
ATTN Lll%RARY

MISSION RESEARCH CORPmAT1OM
1 PRES1D1O AVENUE
SAN7A 0AR6AR4, CAL1FORN14 9s101

A7TN c.L. Lo NE.HIRE
AITH WILLIAM HART

M1SS1ON RESE4RCM CORP
PO 8Dx 1886

418 EQUEROUE NEu MEXICO a7103
AT7N DAVID t ME RF HETHER
ATIN JAMES LONERGAN

H[TR6 .aRP0R1710N. 7HE
RCUTE 62 bl+O M1OOLESEX TURNPIKE
P.o. Oux 206
BEDFORD, MI. SSACHIJSE17S 01730

ATIN L1(3RARY
ATTN M.E. FITZCERALO
AITti THt ODORC J4RV[5

HCTOROLA, INC.
GCVERNNEN1 ELECTRONICS OIVIS!CN
8201 EAST MC CilHELL ROAD
SCOT1SD4LE, 4R1Z0N& 85252

ATTN PHILIP L. CL&R
ATTN lECH INFO CENTCR-A J UDROALEU$K[

NORTH AHk RICAN ROCKHELL CORPOR4TIOU
3370 MI RALUHA AVENUE
AF.AHEIH, C4L1FDRt41A 92803

411,1 M!vur EM&N OF C, ch 107, D c gAtJ!
A17, J. 8ELL
A71ti G. MESSENGER
A77!4 G MORG4N
ATIN J S HA TYUCH fA70
bllli N E AYu ES
ATIN J SPET2

N0R7H AWE RI CAM AVIAT!M-COLUwBu S
NORTH AMtRICAN ROCKUELL C0R*0kA710M
6300 EAST FIFTH 4V6MUE
CCLUH8US, I3H1O 43216

ATTN EtiC!NEERIffi OAIA SERVICES.
J. ROBERTS

NCR7H 4HER1 CAN ROCKWELL C0RP0R4r10N
LOS 4NGELES O! VI S1OV
5601 uEST IMPERIAL HICHM4Y
Los &N;5LEs, CALIFORNIA 90009

bTrl DOVALO J ST EVEVS E“,, E”P,”c S
A“1ON1CS OESIGV

A71N TIC B&OB

NORTH AH ERICAN ROC&!JELL C0RPOk4710t(
SPACE DIv IS IllM
12214 LAVE,i OnO dllULEVAk O
OCWh EY, C4L !FDRN IA 90241

41TN TIC DEPT 096-u Ol

NORTHROP CDRP0Rb710W
NCR7HROP coRPORArE LA KIRATORIES
3401 WES7 8R0ADWb Y
HAM THORNE, C4L1FORM1A 90250

A7rN DIR., SOLID Sr4TE EL ECrRCU21CS,
DR. DRLIE L. CUR71S, JR.

ATrN MR. JANES P. RA.VHOUO
4TTN L1OR4RY

NCR THRUP CUR POR4TIOV
ELECIROVIC OIVISIOV
2301 M~, T 120-TH STREET
HA HTHO?VE, C4L1FORMIA 90~50

41TN BOYCE 7. AHLP~r
b~lti r611k, “ R DE “AR7[)I0

PA L] SbDE3 1NSr1TU7E FCR
RESEARCH SERVICES, INC.
201 VARICK SrREE7
NEH YORK, N5U YORK 100L6

AT7M RECORDS SUPERVISOR

ATr,l K C 4TT1tIGER

PHI LCO-FORD CORPDRATIUi
UESTERN DEvELOPMENT L4SORATORIES
3939 FABIAN UAY
PALO bLTO, CALIFORNIA 94303

AITN L lMRARY
AITN E * HAHN, MS-.X22
Alrti S CRAWFORD, MS-S31

OIV,

PuLSbR A5SOC14TES, INC.
7911 HERSCHEL 4VENUE
LA JOLLA, CALIFORNIA 92037

ArTN CARLErUN JOVES

RC4 CDRPOR4TIO4
Government bNO COMMERCIAL S7S1EHS
MISSILE AND SURF4CE RADAR CIIV1310U
MbRNE HIGHdbY 4ND CIDR70M LANDIMC RDAO
UODRES?3HN, NEM JERSEY 0!3057

All:. ELEANOR OALV

RCA CORPDR4TICU
GOVERNMENT bNO CO RPIERCIAL SVS7EPIS
ASIRO ELECTRONICS OIVISION
?.0. L70x 800
?Ri NC ErON, NEU JERSEY 08560

ATIN OR. GEORGE 5.RLZRER

RCA COSPOR4T1W
0Av1D SARNOFF RE$EARcH CEN7ER
201 u& SH1NG70N ROAD
WEST WINDSOR TO UNSHIP
PRINCETDN, NEW JERSEy 0s5+0

hlr~ M[LL!AM J. DEtWEHV

RCA CCFRPORATIW
P.o. Eox 591
SOMERVILLE, NEU JERSEY 08876

ArrN 0AN[6L HAHPEL ADV Cow LAB

RCA CC F> OR4r10N
CAHDEN COMPLEX
FRONT + COOPER SrREE7S
CAMDEN, NEd JERSEY 08012

h7rN E. vAt4 KELUEN, 13-5-z

..-— —— --—- . . .. .

;CH
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RAO1L11OF1 INCORPOR41E0
P.o. auK 37
HfL80URYE, FL ORIOA 32WZ

Arll JOHM n. TUU*EP.
All . E V RQ3S, MS 16-156

RMJD C0RP0R4Tt0N. lHE
L700 MAIM STREET
SbNt& MONICA, C4L[FOR1614 9040b

kllu c.!!. CRhl M

RbY7Fleov cOMPAtL’i
51s C.OS1OH POST R040
SU06URY, l!4SSfiCHUSE11S 01176

krre HAROLO L. FL ESCHEfi
ArTM O.R. JOt+Es

RESEARCH TRI&NGLE lHS1l TUTE
?.0. Box 1219+
RESEkkCti TM I kF4GLE PARK, NO RIM C& ROLINh
27709

ATIN ERG. * ENVIRON. SCIENCES Clt V..”
OR. MAt’R4U1 SIMDNS, JM.

SANOER> AS50C14TLS. t%.
95 C4t4hL SfREET
NbS19.2A, NE” HAHPSHIRC 030b0

ATIV M L 41 TEL
&ll N 1-6210, R G DC SP41MY, SR ?E

Arm J o APPEL
b1Ft4 J d K4NE

SAHO1b 8 A80RAT0R1~S
LIv ERM.,AE LABORATORY

AT1tI DOCUHEkl CONTROL

sCIENCE 4PPL!C4T1WS INC.
HUNTSVILLE OIVIS1~
2109 u CL1%TOM AVE
SUITE 700
HuNTSVILLE AL AUAHA 35805

ATTN )4 R E.YEN

SINGCR-GENERbL PREC1S1OM, lNC
1150 M: BRIDE AVENUE
LITTLE fALLS, NEW JERSEV 0742+

hrru hBRmfhM MI TTELE5, *hOt A7roM
EFFECTS SUPERWI SOR, 3-5S20

SPERRY RAND CORPORATICW
SPERRY GYROSCOPE D1v1S1ON
GnE4T NECK, hEU YORK 11020

ATTN PAUL M& RRAFFIW, OEP1 +282

SPERRY RAND CCRRPORklt~
UNIVAC DIv ISICU
DEFENSE SYSTEMS OIVISION
?.0. 80% 3525, I!41L SrAllOM 1931
ST. P4LIL. HINNESOIA 55101

AITrL OENMIS AMW+OSCW, WS S261
ATTIL J.A. ltADA, MS 5451
A1lY h BROWN< 16S EM31

SPERRV lANO C~PORA1l@C
SPERRV FLt GMT SVSrEl!S OIVISION
● 0 SOX 2592
PNof N[x* AR![CUA MO02

~TrM P4t oEv ILLEER
AT7FJ O 4 SCHOM, R$I 104C

STANFORD RE5ESRCH [IL STCTUIE
306 MYNV OR IVE, N.u.
HUN IS VI LLE, kLA0AR4 S5805

4rTl( SR RES ENG, !!. I!L?UGAM
ATIN H&kOLD CAREY
A1r SS H11L14R CIRUEN

SLIMOSIRLND AVlkl[FAV
4747 H&kRISON AVENUE
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