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SECTION I
GENERAL INTRODUCTION

1. COMPOSITE MATERIALS
- 

- 
. 

Advanced composite materials have become increasingly important in

recent years because of their great strength and relatively light weight.

In fact , it is estimated that the F—18 aircraft will use advanced com-

posites to the extent of nearly 40% by weight and 80% outer surface

coverage [11.

Advanced composite materials are laminates, or multilayer “layups” ,

of many individual ianiinae. A single lamina consists of a planar array

of fibers (of boron/boron tungstate , graphitet , etc.) in an epoxy matrix.

Typical lamina thicknesses are In the range 0.1 — 0.2 nun, so that a

typical aircraft  skin panel is made up of at least ten layers . The

• . arrangement of the layers can be varied to sut the strength requirements

of the laminate in given directions. Typically, however, a 00_900 or

0°—45°—90° layup will be used, so that the laminate is nearly isotropic

in its mechanical characteristics in directions parallel to its surfaces.

A review of the literature has shown that the basic electrical para-

meters (e.g., permittivity and conductivity) of advanced composites are

only now beginning to be studied [1,21. However, It seems generally to

be agreed that graphite composites behave as good conductors (in the sense

that conduction currents dominate displacement currents in the material)

with conductivity roughly one—fourth that of pure graphite (7.14 x 10~

mho m~~), and that boron—epoxy composites behave as mildly lossy dielectrics.

ti.e. a pyrolyzed organic fiber such as polyacnilonitrile.
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In this report we shall assume that these materials are isotrepic.

It is clear from consideration of the physical structure of composite

laminates that they are probably anisotropic, but for simplicity we shall

for the present ignore this aspect of these materials. In a related study

[3] it has been shown that the anisotropic conductivity of graphite com-

posites is not of prime importance in characterizing the material, the

transverse conductivity (i.e., that in the directions parallel to the

laminate surface) being the descriptive parameter of principal interest.

Furthermore, the anisotropy of boron—epoxy laminates appears to be weak.

Since boron—epoxy composite is such a poor conductor, it provides

negligible shielding against penetration by electromagnetic fields. To

improve the shielding effectiveness of a boron—epoxy composite laminate,

a conducting screen may be embedded in one of its surfaces. In this

• study we shall assume that the wires in the screen are bonded at the

junctions and develop an extension of the now classic theory of Kontonovich

[41 in order to take into account the effect of the presence of a dielectric

layer on the behavior of the screen.

The advanced composite materials we shall consider , therefore , are

of two types: graphite composites , which are modeled as homogeneous ,

isotropic, conducting materials; and screened boron—epoxy composites,

modeled as dielectric layers with a bonded wire—mesh screen in one surface.

The conductivity of the graphite composites will be taken to be around

• 
1.5 x l0~ mho m 1 

(roughly one—fourth the conductivity of pure graphite)

and the relative permittivity of th~ boron—epoxy composites will be

assumed to be in the range 4—5 [3]. Typical laminate thicknesses are

• 

- in the range 1—3 mm and typical wire—mesh screen parameters are:

2
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mesh size: 20 X 20 to 200 x 200 (per inch)

wire radius: 0.05 to 0.15 mm

wire conductivity : 1.1 x 106 mho m~~ (stainless steel)

to 3. 7 x l0~ mho m~~ (aluminum)

2. ELECTROMAGNETIC SHIELDING CONSIDERATIONS

We shall concentrate in this study on the nuclear electromagnetic

pulse (EMP) shielding characteristics of graphite and screened boron—

epoxy composites. This restricts the frequency range of interest to

f < 108 Hz. It should be noted that characterizations of advanced corn—

posite materials which are valid in this frequency range may not be

j useful, say , for studying the interactions of advanced composites with

radar signals. The inhomogeneity and anisotropy of the materials, which

may be neglected for EM? studies , may become critically important in

dealing with higher—frequency interactions.

The standard EM? waveform which we shall use i1~ this study is [5]

E (t)  = E A  (e~~
t 

- e~~
t) (1.1)

in which denotes the peak amplitude of the electric field, and

( —at —~ t ~—lA = ° — e °J = 1.1373 ... (l.2a)

t = —i-— R.n = 2.104 x l0~~ sec . (l.2b)o B—cc cc

a = 4.80 x l0~ sec~~ (l.2c)

• t B = 1.76 x lO~ sec~~ (l.2d)

A plot of E(t)/E vs. t is shown in Fig. l.l~ . The magnitude and phase

t
• The logarithmic time plot will be used throughout this report, in order

best to display the detailed time history of the transient signals
considered.
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spectra of this EM? signal are shown in Fig. 1.2. The function E(t)

describes the electric field time history of an incident electromagnetic

wave, which is assumed to be plane. The associated magnetic field H(t)

• 
= E( t)/ r i0, in which denotes the intrinsic impedance of free space.

Two geometrical forms , the infinite sheet and the infinitely long

cylindrical shell, are of principal interest to us. We shall address

the problems of electromagnetic wave transmission through an infinite

sheet of advanced composite and of electromagnetic wave penetration

into the interior of a cylindrical shell of advanced composite. Both

types of composites (graphite and screened boron—epoxy) will be considered

and both frequency and time—domain calculations of the transmitted or

penetrated field will be made, under the assumption that the incident

field is as given above in (1.1) and (1.2).

3. OVERVIEW OF THE REPORT

In Section II we shall develop a “boundary connection operator”

• 
~~• which relates the electromagnetic fields on - either side of a multilayer

shield of more or less arbitrary shape. In addition to its utility in

non—separable geometries, it simplifies the analysis of separable

problems in that the number of regions to be explicitly considered is

reduced. This connection operator is used in the problem formulations

in Sections III—VI.

The interaction of plane electromagnetic waves with planar graphite

composite laminates is discussed in Section III and the interaction with

cylindrical graphite composite shells in Section IV. Both the frequency

• and the time domains are investigated (the latter via inverse Laplace

transformation).
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Screened boron—epoxy laminates and their interactions with plane

electromagnetic waves are considered in sections V and VI , the planar

case in V and the cylindrical case in VI. Again , both frequency and

time domains are discussed.

The report is summarized and the results are discussed in Sec tion

VII. We also suggest some extensions of the problems considered in

this report, as well as some logical next steps to be taken in studies

dealing with electromagnetic applications of advanced composite materials.
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SECTION II

• BOUNDARY CONNECTION OPERATORS

1. INTRODUCTION

In order to assess the degree of electromagnetic shielding provided

by a layer of a given material of specified shape, one must determine the

relationship between the electromagnetic field on one side of the layer

and that on the other. This fundamental mathematical problem is often

complicated by the fact that the geometry of the shielding layer does

not correspond to one in which the vector wave equation is separable.

Therefore, in order to determine the relation desired, one must either

develop exact solutions of such complexity and generality as to be of

J little use for practical purposes , or take advantage of whatever special

circumstances exist in order to develop useful, albeit approximate,

solutions to the problem.

Fortunately, such special circumstances occur in the type of problem

in which we are primarily interested . They are that

(a) the thickness of the material layer is usually much smaller

than either of its two principal radii of curvature,

(b) the wavelength in the material is usually much smaller than

the wavelength outside , and

(c) the shield is usually made of a lossy material.

We conclude from the second and third conditions above that the electro—

magnetic behavior of a shield is largely a local phenomenon, in that the

fields at points (~1,~2,~3)
t and + 

~~l’~~2 + 
~~2’~~3~ 

are not closely

F~~ ~2’ 
and are coordinates of a system whose origin lies in one

surface of the layer, the other surface being at F
3 

— d. 
~l 

and 
~2

are therefore coordinates locally parallel to the shield surfaces.

9
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coupled when [(A~1)
2 + (~~2)

2)U2 >> d, the thickness of the layer.

Therefore, the characterization of the “transfer characteristic” of the

shield layer requires consideration not of the whole shield, but only

of local portions of it. By virtue of the first condition listed above,

we may consider these portions to be planar and utilize a planar model

to determine the shield transfer characteristic. Having developed this

characteristic, we may then apply the results to geometrical configurations

which are nonpianar and for which the shield characteristics may even

change with position, provided that these changes are sufficiently gradual.

The planar geometry which we shall consider in this chapter is shown

in Fig . 2.1. The region 0 < z < d
5 
contains the shield material. This

j material may be arranged in layers of different thicknesses and electrical

properties, and the layers m a y  be separated by admittance sheets. We

shall assume that the individual layers and admittance sheets are homo—

geneous, linear, and isotropic. In the following sections of this chapter,

we shall develop an operator N (the Boundary Connection pperator or BCO)

which expresses the relation between the tangential components of the

electromagnetic fields on either side of the layer~. The BCO’s for single

layers and admittance sheets are derived in section B, and simplified

forms of these ECO’s applicable in special circumstances are discussed in

paragraph 3. 
•

3. SINGLE—LAYER AND ADMITTANCE SHEET OPERATORS • 
-

We consider first the derivation of the single—layer operator M
i
,

which relates the tangential components of the electromagnetic field at

z — z1 + d
i 

to those at z = z
1 in a homogeneous medium of permittivity —

tThe relations to be deVeloped constitute an extension and modification
of the ABCD matrix approach to the problem (6].

10
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• Figure 2.1. A general multilayer shield. and k denote the intrinsic
• - impedance and propagation constant of the ith layer. Y

denotes the sheet admittance operator on the right sideS

of the ith layer.
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and permeability 
~~ 

The time dependence exp (Jc~t) is assumed.

The relations which we seek are most conveniently developed in terms
of the Fourier spectra of the electric and magnetic fields. Let us write

the fields as follows:

~(x,y,z) 
~~ ,z) 

—i~ r —j
~~

.r 
2— J  j e d
~~t 

(2.1)
-~~~ -

~~~ 
ikE

~
,z)

in which ~ and ii denote the Fourier spectra of ~ and if , 
~ 

— 0, and

~ is the position vector. and f~ are expressible in terms of two functions

•(z) and ~‘(z) as • 

. -

= —i’~ 
x • _. —_ .

~~
_ ÷

~~~~

__ 
[ic +—j ~ V~ (2.2a)

- 2 _
ii = —i1c x 

~ 
‘

~

‘ + _.L. 
— ~~1 

(k

2 
+ ~

_
~-J~a (2.2b)

k2 
w
2
~I c , and • and ~‘ satisfy the equation

2~~~~~~ (k — = 0 (2.3)

Solving eq. (2.3) for • and ~ and inserting the solutions in eq. (2.2)
yields expressions for the tangential field components (denoted by subscript

t) as functions of z’ = z —

• 
• 

~~
(z’) = —jL~ x ~~(A~ sin kz ’ + B~ cos kz ’)

• — 

~~ ~t
(A
* 
cos kz ’ — B,1, sin k~

z’) (2.4a)

• 
. 

t1f the medium has finite conductivity a, c should be replaced by c + jw/a.
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~~~~~~
_
~~~—

ii~ (z ’) = 
~~~~~~~~~ 

x sin k z ’ + B
* 

cos k
~
z’)

S 

+ 

~~~~~~ 
~~~~~~~~~~~ 

cos k z ’ — B~ sin k5z’) (2.4b)

The constants A~ 1 B
.~ 

A,1,~ and B
*~ 

which are the arbitrary constants

associated with the solutions of eq. (2.3), are to be evaluated in terms

of the tangential field components at z ’ = 0, and

= k2 — . (2.5)

We have, setting z’ = 0 in eq. (2.4),

= -jEt 
x 
~~
B
. 

- -

~~~~~ 
~~~~~~~~~ 

(2.6a)

= x 
~z
Bqi + ~~~~~

— 

~~~~ 
(2.6b)

from which we obtain

A = • 
~ 
(0) (2.7a)

* k k
z t

wp 
-

= ~~~~~ i~ • i~ (0) (2.7b)
“ k k  ~

z t

B- — —
~~j ~ 

• [i~ x j
~ (0)] (2.7c)

a * ~k ~ t

-I t

B = .. j.... ~ . x E (0)] (2 .7d)
jk Z t

where k~
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Now substitute eq. (2.7) into eq. (2.4) and set z’ — d
i 
(a z

1 
+ di).

We find, after some simple manipulations, the compact relation

• ~t
(dz) I cos kd~ U sin k d i ~~

(0)

= (2.8)

—
~~~ sin k~

d
& I cos kd ~ ~~~~~

where n = lu /c denotes the characteristic impedance of the medium, I is

the identity operator, and

— + k2T) (2.9)

4 Eq. (2.8) is the relation which ~as been sought. We define the single—

layer connection operator M
~ 
as follows;

I cos k(z1 — z2) U sin k ( z 1 
— z2)

• I 
~~(z1;k;z2) = (2.10)

— T.~ sin k(z1 — z2) 7 cos k(z
1 

— z2)

so that in general,

~~(z)3 t 
= 

t 2  
(2.11)= M

~
(z1;k;z2) 

• 

—

~

JLt
(2

~
i

) t~~2~

The notation chosen for the arguments of M
i makes equations of the form

of (2.11) read naturally from left to right. Note also that ~(z1;k;z2) =

~~
(z2;k;zi).

We now consider the connection between tangential field components -
•

across an interface. Such. an interface may consist of a boundary between

two different media, or of a sheet impedance, or both. We shall construct

14
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the connection operator for the general case; then, if the media on either

• side of the boundary are identical or if the admittance sheet is absent,

the connection operator will reduce to a simpler form.

Let the boundary be located at z = a5. Then we require that

= z+) = 
~~
(z — z8—) — = a ) (2.l2a)

x ffl~(z = z +) — 

~
i
~
(z = z —)] = ~~(z = z) (2.12b)

is an admittance operator which relates the surface current density

at z = z5 to the tangential electric field there:

= E
t
(z )  (2.13)

2 

It follows immediately from eq. (2.12) that if the characteristic impedance

of the medium on the “z+” side of the sheet is and that on the “z — ”

side is ~~~, then

= (2.14)

~~_ ~~~ x 
~~
_ 

-

~~~~~ 
7 n÷il~(z8+)

Eq. (2.14) is the relation which has been sought. We define the 2x2

matrix in eq. (2.14) to be the admittance—sheet connection operator

M and writeS

7
= 

,.
~ = 

(2.15)
a X ~~~ Y — Ia - 

~~

so that
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(2.16)

The notation chosen for the arguments of N5 makes equations of the form •

=of (2.16) read naturally from left to right. Note also that M5 (n ;Y5;n+) =

M
5(n+

;_Y
8;n).

Now as an illustrative example, let us construct the boundary connection

operator for the configuration shown in Fig. (2.2). This is a material

• layer of parameters ii and k in the region 0 < z < di, having an admittance

sheet on the surface z = 0. The medium outside the structure is free

space, and we wish to connect the free—space fields at z = 0— to the free—
2 

space fields at z = d
&+. We have the following relations :

— 

= 
~~~~~~~~~~~ • 

— 

(2.l7a)

~~O 
(0—) (0+)

- 

0 

~~(O+) E
t
(1
~~
)

- 

= Mi (O;k;d
~

) . 

- 

— 

(2.l7b)

nii

~

(0+) nil
~

(d
~

—)

~~
(d
~
_)

= M (n ;O;n ) • (2.l7c)
T1H~

(d
~

_) n0R~
(d&+)

from which it is apparent that

.
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c ? 

— -

~ 

— 

~ r —  - --—~~ -- ~~~_- 
— —

~
t(dt+)

• = M t (2.18)

in which

= M
5(n;~~ ;r~) • ~i~(0;k;d~) • ~~ (n~~ ;rt ) (2.19)

One will note that the arguments in eq. (2.19) read naturally from left

to right, and correspond to the physical features of the shield structure,

as is shown in Fig . 2.2.  Furthermore , note that

N
1 

= 
~~~
8
(~~
0
;~~~~;~~~) ~1~(d~;k;0) 

. N(~~~Y~~~~) (2.20)

Generalizations to arbitrarily complicated shield structures are obvious.

In many practical problems, the connection operators which have been

developed in this section can be simplified under certain conditions. We

consider this problem in the next section.

3. SPECIAL—CASE FORMS OF THE CONNECTION OPERATORS

En this section we consider the forms taken by the connection operators

when

• - (a) the electromagnetic field is either parallel—polarized or

perpendicular—polarized

(b) the (effective) permittivity of the shield material is large

• 
• 

compared to that of the surrounding medium (usually free space)

We also consider the conditions which must hold for an electrically thin

layer to be modeled as an equivalent admittance sheet.
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The tangential fields and can be resolved into components

‘ parallel and perpendicular to as follows: denoting either or

by 
~~~ 

we have

F
~ 
+ (2.2la)

ç k~k~
= II — • F

t 
(2.2lb)

t

= 
~~~~~

- 

~~~ 
‘ (2.2k)

t

in which denotes the perpendicularly polarized part of and denotes

the parallel polarized part. Substituting representations for and

of this form into eq. (2.11), we f ind that the resulting equations

decouple into two sets:

• 

~~~
(Z
l
) ~~

(a2)

— 

= T~(z
1
;k;z2) 

• 

— 

(2.22a)

~ii~ (z
2)

- 

= ~~(a1;k;z 2) - 

(2.22b) 3
rtii

~
(z1)

S 

where

7 cog k(z1 — a2) ~~ 
X 7 sin k5(z1 — z2)

~~ (z 1;k;z 2 ) =

jk =

— —
~~~~~~ a x I sin k(a1 

— I cos k2(z
1 

— z2)

(2.23a)

I 
_ _  

_ _ _ _ _ _ _ _ _ _ _  
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= 
jk

I cos k ( z 1 — 2
2

) x I sin k
~

(z
i 

— z2)

M’~(z
1;k;z2) 

=

— x 7 sin k(z
1 

— z2 ) 7 cos k ( z
1 

— a2)

(2. 23b)

The operators 
~~ 

and are substantially simpler than M
V 

and will be

useful in dealing with shielding problems in which the applied field can be

separated into its parallel— and perpendicular—polarized components.

We also consider the operator N
5 in those cases in which the admittance

operator 
~ 

diagonalizes for perpendicularly—polarized and parallel—polarized

fields:

= y’” 7 (2.24)

For such cases, the connection operators M
~ 
are

= (2.25)

r~ Y’”a X I — I— s  z

S 

When the effective permittivity of the shield material is large

compared to that of the surrounding medium (which is usually free space),

the condition k~ << 1k1 2 is valid for values of E~ corresponding to real

angles of incidence. In such cases, the approximation k k holds and
S 

— — 

z
may be used to simplify Ni, M~, and M’~. We find that

I cos k(z
1 

— z2) 
x I sin k(z

1 
— z 2 )

~T ~~~~~~~~~~~~~~~~~
£ 9. (2 .26)

~~~~~~~ 

x 7 sin k(z
1 

— z2) 7 cos k(z1 — z 2)
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We conclude this section by considering the conditions under which an

electrically thin layer may be modeled as an equivalent sheet admittance.

The connection opera tor 
~~~~~ 

f or a layer in free space is

= M t h 0 ;n) . M
9.(O;k;d9.

) • ~ 5(1~1;~~;n 0) (2.27)

We define the equivalent sheet admittance Y by the relation
seq

M
stho ;Y seq~~

1o) 
= ~~

1(O;k
0

;d
9.
) 

~ t (2.28)

The factor M~~(0;k
0

;d
9.
) is inserted to account for the physical distance

3 d9. 
occupied by the layer. Expanding the product in eq. (2.27) and sub-

stituting in eq. (2.28) yields the following four equations expressing the

J equivalence:

= = Ti = =I = C C 9.I + —
~~~ S S

9. 
U U9. (2.29a)

~~ = c s ~~ —~ -- s c f f  (2.29b)i o o

= Ti — —

= ~~ c0s9.~Y9. — s0c9.
ii~0 (2.29c)

T = c c T + 1L_ s s ~ T .jj~ (2.29d)
0 9 .  

~ o i o  9.
0

in which -

4 - 
- 

C COs k d
9. (2.30a)

C9. 
= cos k

d
d
i 

(2 30b)

= sin k d
9. (2.30c)

S~ = sin k
ddi (2.30d)
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= J k k  ~~ 
x (E~E~ 

+ k2 1) (2.30e)
0 ZO

= 
~~~zd 

~~ (
~~IA 

+ k2
d

I) (2.30f)

and k
2 

= k 2 
— k2 , k2 

= k2 
— k2. Now if quantities of order (~~)

2 and
zo o t zd t

higher are neglected, we find that eqs. (2.29a) and (2.29d) are satisfied

as they stand; eq. (2.29c) yields the well—known result [7,8]

r~ Y = jk d (c —1)1 (2.31)o seq o L  r

as we expect; but eq. (2.29b) reduces to

— —  2

O = J k 0d9.[
l _ ~~~ J ~z

x 
{

ktkt k
t 7j  (2.32)

which is not true in general. It is obviously true if = 0, i.e., at

normal incidence.

The condition (2.32) is also true when the electromagnetic field is

polarized perpendicular to the plane of incidence. This is so because

(cf.  eq. (2 .2lc))

k~I) ~~~~ 
= 0 (2.33)

as is apparent by inspection. We now inquire under what conditions the

a expression (2.31) is valid for parallel—polarized fields. We consider

- t 

• 
the problem of reflection and transmission of a parallel—polarized plane

electromagnetic wave by an electrically thin dielectric layer and by a

sheet admittance in free space. We readily obtain the following results:

jk
0d jk

2
d

thin layer: R” = ‘ 2 (c
r
_l)cose — 2k secO (l — -k--) ] T” (2.34a)

o r
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~~~~~~~~~~

-

~~~~~~~

--- 
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~~~~~
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~~~~~~

5’-_5_ -
-5-- ”- ’

- 
jkd jk~d 1 —l

T” (1 + 
~~ 

(Er
_l)c088 + 2k secO(l — -i---) ] (2.34b)

; 
0

S 

admittance sheet : R” = —
~~

- Y” cosO T” (2.34c)

T” = (1 + -j Y” cosO)~~ (2.34d)

where k~ k
2
sin

2
O. It is apparent upon comparison of (2.34a) and (2.34b)

with (2.34c) and (2.34d) that if is given by eq. (2.31), then we must

require that for the approximation of a thin layer by an admittance sheet

to be valid,

tan
2
O << ~c (2.35)

2 r

where, in general,

- 

- E
r 

~~~ 
(a + jw c) (2.36)

We therefore conclude that the characterization of an electrically thin

layer as an equivalent sheet admittance is valid for perpendicular—

polarized f ields generally, and for parallel—polarized fields in which

. 1  k
2/k2

2 2 Ic (2.37)
l _ k

~/k0 
r

where k2 denotes w2u c  
~ 

c being the permittivity of the medium

outside the sheet admittance.
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SECTION III

PLANAR GRAPHITE COMPOSITE SHIELDS

1. INTRODUCTION

In this section we shall consider the problem of electromagnetic wave

transmission through a planar layer of graphite composite in the fre-

quency and time domains. A brief description of graphite composite

materials has already been given in Section I of this report; we summarize

here certain facts pertaining to these materials which are relevant to

our electromagnetic analysis.

(a) A layer of graphite composite is a layup of anisotropic laminae

assembled into a “cross—ply” configuration. Therefore, the layer

is itself probably anisotropic in behavior. However, some
2

limited experimental data which has been previously mentioned

[2] indicates that the anisotropy is weak. Therefore, we shall

model the graphite composite as an isotropic material.

(b) The conductivity of graphite composites appears to be roughly

one—fourth that of pure graphite [1]. This value is 7.14 x l0~

mho m~~; we shall use a value of conductivity equal to 1.5 x

l0~ mho m~~ for the composite material in our numerical work.

(c) Graphite composite is nonmagnetic and we shall use a value for

permeability equal to that of free space in our numerical work.

In the next section, we develop the boundary connection operator for

-• 
- a planar graphite composite layer in free space. Then in paragraph 3,

the problem of electromagnetic wave reflection and transmission by such

a layer is solved in the frequency domain. The transmission of a transient

EMP signal through the layer is considered in paragraph 4.

24

5- 

- 

- 

_ _

— • ,  - -  S - ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~ . - — • - .- -  ~~~~~~~~~~~~~~~~~~~~~~~~~~ - ‘

_______________________ . .  .. 
~~~~~~~~~~~~ ~~~~ ~~~~~~~~• ~~~~ -. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



F — _ -_ —‘ • 5 5 - - -- •’ - -,-— _ - - 5-.-- 
-

2. THE BOUNDARY CONNECTION OPERATOR FOR A PLANAR GRAPHITE COMPOSITE
LAYER IN FRE E SPACE

The conductivity of a graphite composite is sufficiently high that

the material may be considered to be a good conductor for frequencies

throughout and beyond the EMP spectrum. Consequently, displacement

currents may be neglected in comparison to conduction currents in the

material, so that

• 2 2k = U) ISL
g

C
g 

— iU8lg
O
g 

_iwI.t
g
a
g 

(3.1)

in which il
g

I C
g~ 

and °g 
denote respectively the permeability, permittivity,

and conductivity of graphite composite. Furthermore, since a
8 

>> we0 we

neglect k~ in comparison to k
2 
in forming k~: thus

k
~
d = kd = (l—j)d/~ (3.2)

where d is the thickness of the layer and & = (2/wu 0
5

) hh’2 is the skin depth

of the material. The boundary connection operator for the graphite com-

posite layer in free space is thus given by eq. (2.27), with N9. given

• by eq. (2.26) and k (.1—j)d/~

I cos(l—j)d/ô —~ 
~~ 

x ~ sinCl—j)d/.5

— 

0

o t 
— — 

(3.3)

i -

~~~~~ ~~~~ 

x 
~ sl.n(l—j)d/ó I cos ( l—j) d 16

in which n = /iWP
g
/O
g 

is the characteristic impedance of the graphite

composite.

In the low—frequency limit (d/6 << 1)
• .

=

I —j k d a  X I
0 Z

(3 4)

n a d ~~~~~~~~~~X I  7
• o g  a
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and when d/6 >> 1

7r
-
~~~ ~~~~~~~~ (3.5) 

- 

-

Additionally, we note that

Ti. [r i a d l/ 2

• = (3.6a)

k d  1/2 
S

= (3.6b )

• 3. PLANE—WAV E REFLECTION AND TRANSMISSION BY A PLANAR GRAPHITE COMPOSITE
J LAYER

The geometry of the problem to be consid-ered in this section is shown

- - in Fig. (3.1). A plane electromagnetic wave of frequency w is incident

upon a planar graphite composite layer of thickness d, from the region

z < 0; the angle of incidence is 0. The medium outside the layer is

free space. The reflected and transmitted fields are to be determined

as functions of the wave frequency.

The incident wave in the region z < 0 is given by

I — — —jk (xsinO + zcos0)
- 

E
inc 

= [~~~~~5
y 

÷ 
~~x

C
~~

0 — ~2
s1~ii0)1e 

° (3.7a)

— — —jk (xsin0 + zcos0)
% Hj~~ = I E6(a2sine — a

~
cosO) + Ea~y

]E ° (3.7b)

in which E~ and E~ denote the amplitudes of the perpendicular—polarized

and parallel—polarized components of the incident—wave electric field.

The reflected wave in the region a < 0 is

__ -- 

26 

— ~ -~~~~~~~~~~~

_ _ _ _ _ _ _ _ _ _  • ~~~~~~~~~~~~~~~~~~~ j~ J - ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - .5 • ~~~‘ _________________



r5
~~ ’T  --- - —— •-

~~
-- —-- --—--—- • -— —-- - -----‘-—----- —5-5S~~~

r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 5- —-.-

7?o ko --
~~~

- ‘

~~
, ‘

‘

~~~~~~ 7?o,ko
• Reflected “ 

- 

;~“~~‘~~/ T ansm~tt d
Wave /

/ 

~~~~~I~~~/ 4::’ e

- 

‘ / 

. d

- \~ 1’~ 
/ )- ~~~~~~~~~~ Graphite

5 

/ ,

- 

-‘ 
/•-~ Composite

.1 Incident ‘
- 

‘-
~
>‘

Wave ~~
,, - / -,,

S - Figure 3.1. Reflection and transmission of a plane wave by a planar
graphite composite layer: geometry of the problem
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—jk (xsin0 — acosO)
E

f 
— [R’E~~ — R”E~(~ cosO + a sinO)Je ~ (3.8a )

— 
—jk (xsin0 — zcosO)

% 
H~~~~~~~ = (R’E~(a cos0 + a sinO) + R”E~a J E  

° 
(3.8b)

and the transmitted wave in the region z > d is

— 
—jk lxsin0 + (z—d)cos0]

= [T ’E’ a + T”E”(a cosO — a sin0),Je 0
trans O y  Q x z

(3.9a)

— 
—jk [xsin0 ÷ (z—d)cos0]

H = [T ’E’(a sinO — a cosO) + T”E”a ]e °

0 trans 0 a x O y

(3.9b)

in which R’ , R”, T’, and T” are the reflection and transmission coefficients

j for the perpendicular—polarized and parallel—polarized parts of the field.

The tangential components of the fields at z = 0 and z = d are

- 

- 
~~~~~(O) = (1 + R’)E~ a~

n ~~~~ = —cosO(l — R’)E~J ~~

~(O) = cos0(l — R”)E~ 
~~

~ 
fl~(O) = (1 + R”)E~ a

- 
(3.10)

fr\ • 

~~~~~
(d) = T ’Ec~ ~y

n0 ii~~~(d) = —cosO T ’E~ ~~

= cos0T”E~ ~x

n0 ii~~~(d) = T” E~ 
~y
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Connecting these fields across the graphite composite layer using the

boundary connection operator given in eq. (3.3) yields two sets of

f 
equations which may be solved for the reflection and transmission
coefficients. We have

—C — j ~~
— cosO S 1 V C — j -

~
— cosO S

Ti 

Ti0 (3.lla)
cosO C + 

~ 
-

~~

-

~~ 
S cosO T’ cosO C — j  S

cosO C + ~ 
-
~~

— S cosO R” 1 cosO C — j a— s
Ti 

= 
Ti 

0 
(3.llb)

• C + j ~~2 cosO S — l T” —C + j —
~~~ cosO S

in which C cos(l—j)d/ó , S sin(l—j)d/6. Solving eqs. (3.11), we obtain

expressions for R ’, T’, R”, and T” as follows :

V = 
~~~~~ 

iS{fl— cos
20 — (3.l2a)

T ’ = 
~~

-j - cosO (3.l2b)

R” 
~~

jj - jS (.~2. cos
2
O — ~k_j (3.l2c)

T” = cosO (3 12d)

in which

D’ = 2cos0 C + jS [-a—- cos2O + _2} (3.l3a)

= 2cos0 C + is cos20 + )  (3.13b) 
-

29

— —~~~~
— V —

~~~~~~~ — - —‘ —. • - -- —•-- — ———5- 5— — 
• - • 4 —5-- --- •- * ,— - , -

- - - ~~~~~~~~~~~~~~ ~~~~~~~~~~~~ 
- 

- S5— 
~~~~~~~~~~~~~~~~~~ ~~~~ _/ ~~~~~ ~~~~~~~ ~~~~~~~~~~~~ ~~~~ —~



~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Now, In/n01 2 = k
0/n0

ci~ << 1. Neglecting this quantity with respect

to unity, which is consistent with neglecting the displacement currents

with respect to the conduction currents in the graphite composite, we

obtain the following expressions for the transmission coefficients:

= (C + —~ secO S)~~ (3.l4a)

(C + cosO S)~~ (3.14b)

Further approximations to the transmission coefficients are useful. In

particular, it is easy to show that for the graphite composite, the

condition d/S << ~0a
8

d will hold for frequencies throughout and beyond

the EMP spectrum. As a consequence, the approximation

T
’ = ~~~~ (l— j) -

~~ csc(l—j) (3.15)

is valid for all angles of incidence 0, and the approximation

H. T ’ 
~~~~~~~~~~~ 

(l— j) -
~~ csc(l—j) (3.16)

is valid for angles of incidence up to a point only a few hundredths of a

degree from 900 . Eqs. (3.15) and (3.16) show that the effect on the

transmission coefficients of changing the wave frequency (and thus d/~5)

is almost completely separable from the effects of changing ~~a d  and 0.

Theref ore, we may express V and T” in terms of their values at d/6 = 0

approximately, as follows:

V T~~ 

(l-j) csc(1-j) (3.17)

T~

• in which
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T~ cosO

r~~c i d  (3.18)

• - T~ 
o g

Numerical results pertinent to the analysis carried out in this

section are presented in Figs. 3.2 and 3.3. In Fig. 3.2, T~ and

T~ are plotted as functions of 0 for various values of the conductivity—

thickness product a d (note that if a = 1.5 x lO~ mho m~~, a d = 15d
g g g mm

where d is the layer thickness in millimeters). A plot of the magnitude

and phase of (l—j)x csc(1—j)x as a function of x = d/6 is given in Fig.

3.3. Since the data in Figs. 3.2 and 3.3a are presented in logarithmic

• I 

- 
form, the curves may be used to evaluate T’ and T” for various combinations

of values of 0
g
d~ 0, and d/ S simply by adding the appropriate quantities.

It should be noted that since the magnitudes of T’ and T” decrease as the

frequency is increased, the graphite composite layer acts as a low—pass

filter. This point is important for understanding the transient behavior

of a transmitted EMP signal, which is considered in the next paragraph.

S 4. EMP TRANSIENT PROPAGATION THROUGH A PLANAR GRAPHITE COMPOSITE LAYER

By using the approximate formulas for the transmission coefficients

in the frequency domain which were developed in the previous section and

given in eqs. (3.15) and (3.16), we may readily evaluate the temporal

behavior of the transmitted wave. Making the formal substitution s = 3w

in T’ and T”, we construct a Laplace integral for the transmitted field

as follows: -

• cos0

• 

• 
- 

- 

Etrans (t) = T E0(s) rI0agd Lec0j sinh ~~

____ ds (3.19)
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in which rB denotes the usual Bromwich contour , rd is the shield diff usion

time, defined by

- 
Td 

= IA g
O
g
d
2 

(3.20)

- and

- 
= t — ~ - [xsino + (z—d)cosoj (3.21)

c = l / I~i e , the vacuum speed of light. In eq. (3.19), t’cosO” is to be

used when the incident wave is polarized perpendicular to the plane of

incidence , and “secO” is to be used for parallel polarization. E (s)

denotes the Laplace transform of the EMP signal discussed in Section I;
I 

it is

j E (s) = A[—~~ — —h-] (3.22)

in which

H —at —
~~~t

I A = (e — e 0
)
_i 

= 1.1373... (3.23a)

= -j
~
1— in .

~~
- (3.23b)

I a = 4.80 X (3.23c)

• 
= 1.76 x ~~~ (3.23d)

The integral in eq. (3.19) is readily evaluated using the Cauchy

residue theorem. The poles of the integrand occur at s = —a , s = —
~~ , and

2 2
= S

n 
= — (~ > 1) (3.24)

d

Furthermore, it is easy to show that rB may be closed at infinity in the

right half plane for -r < 0, yielding a null result for E(t), in accordance

with causality; and for t > 0, rB may be closed in the left half plane at

infinity to yield for E(t):
- 

‘
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cosO
E(T) = 

Ti 
2A 

{ 
Ju(-r) {~#~:ç csc e~~~

o g  secO

— csc ~‘~; e~~
T

n 2 2 2
~ (—1) (nIT) (aT — 8T ) —n it r/-r ~

÷ 2 
~ 2 2 2 2 e (3.25)

n l  (n 11 — cLT
~
)(n it — s-r d )

U(T) is the unit step function. The result in eq. (3.25) is based upon the

assumption that all the poles of the integrand in eq. (3.19) are simple,

i.e., that

(a
d 
or 

~
Td) ~

‘ n27r 2 (3.26)

J for any n ~ 0. If this condition is violated, the appropriate limit of

eq. (3.25) can be taken to yield the correct result.

Plots of E(t) vs. t , normalized by (2/Ti e d), are given for the case

0 = 0
0 
in Fig. 3.4 , for three values of 1d The values chosen correspond

if Mg 
is chosen equal to the free—space value 4i1 X ~~~ henry m~~ and

= 1.5 x 1O4 mho m~~, to thicknesses d of 1, 2, and 3 mm. A non—

normalized curve of the incident EMP signal is included for comparison.

One will note the increasing attenuation of the peak value of the trans—

initted signal, the increasing time delay before the main buildup of the

transmitted signal, and the increasing pulse width of the transmitted

signal as d is increased. All these features are in keeping with the

• 
low—pass f i l ter  characteristic of the graphite composite layer which has

been mentioned previously.
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Figure 3.4. Normalized transmitted E}IP waveforms:
graphite slab, normal incidence
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SECTION IV

CYLINDRICAL GRAPHITE COMPOSITE SHIELDS

1. INTRODUCTION

In this chapter we shall consider the problem of electromagnetic

field penetration into the interior of an infinitely long hollow cylindri-

cal shell of graphite composite. A similar problem has been recently

addressed by Schieber [9—12], who considered only cylindrical shells which

were electrically thin (i.e., the thickness of the shell was much less

than the skin depth of the shield material). He found that the axial

electric field at the center of the cylinder exhibited strong peaks as

j the frequency of the incident wave was varied, these peaks occurring at

the transverse resonance frequencies of the cylinder. At these resonant

peaks, the axial field strength was equal to that of the incident wave,

so that the shielding effect of the cylinder was nil.

The shielding behavior of a thick cylindrical conducting shell was

studied by Wu and Tsai [5,13,14]. They found that when the cylindrical

• shell thickness was at least equal to the skin depth of the shield

• material at the resonant frequencies of the cylinder, the resonant peaks

in the axial field were significantly reduced. Resonance effects,

however, were still evident. To assess the importance of these resonances,

- Wu and Tsai considered the temporal behavior of the axial electric field

when the cylindrical shell was illuminated by a normally incident
S 

polarized plane wave whose time dependence was that of the standard EMP

signal which has already been discussed. They found that the temporal

behavior of the axial f ield was only slightly affected by the cylindrical

resonances in a “worst case” analysis . In their example , the radius of

• 
the cylinder was 10 m and the product of the conductivity and shell

38
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thickness was 0.1 mho . The reason for this behavior is, of course, that

for cylinders of this size the lowest—order resonances occur for fre-

quencies far out in the “tail” of the EMP spectrum, and so are only

weakly excited. As the radius of the cylinder is decreased, the resonant

frequencies are increased and their excitation becomes even weaker.

— 

The cylindrical shells to be considered in this section have radii

of 2 m or less (typical aircraft—fuselage sizes) and conductivity-

thickness products of the order of 30 mhos. We therefore expect the

resonance effects on the transient behavior of the internal fields

induced by an EMP signal to be negligible. We introduce a new frequency—

domain measure of shielding effectiveness for hollow bodies of resonant
J

size or less which takes the entire internal field into account. This.

measure, bas 4 on a ratio of stored energies in the interior of the

body, represents the space averages of the internal fields.

In the next paragraph , the problem of plane—wave scattering from a

cylindrical shell of graphite composite is formulated in the frequency

domain, using the BCO developed in the previous chapter for this material.

We present results illustrating the energy shielding ratio as a function

• of frequency for several representative cases. Some time—domain con—

siderations are discussed in paragraph 3 of this section.

2. FORMULATION OF THE PROBLEM: FREQUENCY—DOMAIN RESULTS

• The geometry of the problem is shown in Fig. 4.1. An infinitely

- long cylindrical shell of graphite composite, whose inner and outer

radii are a and b, respec tively, is illuminated by a plane electromagnetic
- 

wave. The shell thickness d = b—a is small in comparison to the mean

~~~~~
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Y

170,ko J
Incident Wave ~~~~~~~ Graphite Composite Shell

Figure 4.1. Plane—wave penetration of , and scattering by, a cylindrical
shell of graphite composite: geometry of the problem
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radius p = v’~~. The medium outside and inside the shell is free space.

For simplicity we consider only the case in which the propagation vector

of the incident wave has no axial component and we shall investigate the

two possible wave polarizations separately. The total fields may then

be obtained by superposition.

Consider first the case in which the incident wave is polarized TM

with respect to z. The field components present are E2, H.~ 
and

where

E = —jwp0 ‘Y (4.la)

—

—I
l a’vH —— (4.lc)

p p a~

• and

(4.2)

in the free—space regions . In the interior and exterior regions of the

problem, appropriate expressions for ‘1’ are

0 < p < a: ~~ = 

~~~~~~~O fl~~~~~~~~ 

A J ( k p) emn~~~~~
) (4.3a)

-E
b < p < =: ‘V jw~.t ~ n~~o

t
~ 

+ B H (2) (k p )]e 3t
~~~

$) (4.3b)

where A~ and B are to be determined , E0 is the amplitude of the incident

electric field , and

+ it/2 (4.4)

is the angle of incidence shown in Fig. 4. 1.
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In order to evaluate the coeff icients A
n and B~. the tangential field

components are connected across the graphite composite shell using the

appropriate connection operator, which is that given in eq. (3.3), modif ied

for the change in the coordinate system (~ is replaced by ~~):

I cos(l—j)d/6 —j ~~ x I sin(l—j)d/iS

(4.5) —

j x T sin(l—j)d/~ T cos(l—j)d/tS
The spectra of the tangential field components at p=a and p b  are

E
~

(p a) = E A J ( k a)e~~~~ 
~ 

(4 .6a)

Ti0 ~~
(Pa) = —jE A J’(k a)e~~~~

’ 
~~~~ (4.6b)

E
~

(p=b) = E U (k b) + g H~~~(k b)] e i~~~
’ 

~~ 

(4.6c)

- 

- 

Ti i~~(p = b) = —jE [J’(k b) + ~~~~~~~~~~~~~~~~~ ~~ (4.6d)

in which the primes (‘) denote differentiation with respect to the argument.

For this problem, the spectral variable = (n/p )~~ . Connecting these

spectral components using 
~~ 

as given in eq. (4.5) yields a pair of

equations for A and B

Jn (koa)C +~~~~J ’(k a)S -H~
2
~~(k b) A J ( k b)

= (4.7)

~o (2’J’(k a)C — 

~
j— J1~(k0a)S —H (k b) Bn J~~(k0b)

Solving eq. (4.7) for A~ and ~~ we obtain

l 12J )A — 
D ~Irk bJ (4.8a)

n n
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B = -
~~~

— {C[J (k a)J~ (k
0
b) — J’(k a)J (k0

b)]

+ S[~~~ J ’(k a)J ’(k b) + ~~ J ( k a)J
n

(k
ob)]} 

(4.8b)

where

= C[J~ (k
0
a)H~

2
~ (k

0
b) — J ( k a)H~

2
~~ (k

0
b)]

- S[ fl~ J’ (k a)H~
2
~ (k b) + —~~~ J ( k a)H~

2
~(k b)] (4.9)

C and S denote cos(l—j)d/6 and sin(1—j)d/~5 respectively. A and B may

be simplified if we assume that k0
d << 1 and 1Ti1fl0 1 2 

<< 1. These condi—

tions hold throughout the EMP spectrum in the cases we consider; so we

J obtain

T i O d
A [C + o g  (-ir k p )J (k p )H~

2
~ (k p ) 

(l— j)d/S 1 (4.l0a)

n e d  2 SB _A
n 

o g  (irk
0~0

)J~ (k
0~0
) 
(1— j)d/iS (4.lob)

A useful frequency—domain measure of the shielding effectiveness of -
•

the graphite shell is the ratio of the time—average stored energy per unit

length inside the shell (O<p<a) to the time—average stored energy per unit

length in the same region with the shell removed. Since this ratio is

obtained by integrating the stored energy density throughout the cylindrical

volume, it represents an “averaged” shielding effect, and so may be more

useful than , say , the axial field strength, as a shielding effectiveness

measure for a closed surface. It is easy to show that the time—average

stored energy per unit length inside the cylinder is
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= 

n c E  

_,
~ 

f A (
2 i: [J2(k P){1 + 

k2p~
) 
+ J ’(k0p)

2
]pdP (4.11)

In the absence of the cylinder, the time—average stored energy in the

same volume is simply c ira2E~/2; so performing the integrations in 
eq. - 

-

(4.11) and normalizing the result yields the “energy shielding ratio” r :

2~~
r = 

~ 
1 A 1

2 [J’(k a)
2 + J (k a)2{1 — 

k~a
2J

+ J ( k a)J’(ka)] (4.12)

~~en k a  << 1, rw ~ 
(k 0 1 2 + ~A1l

2), and we obtain an approximate low—

frequency expression for rw 
as follows:

~~ { i~~~ 
- 
~Ti0

0
g
d k p  

(l-j)d/ó ~~ k0P~ l
2

k a<<l
0

+ (c + j 
~~o d  

kp  (l_J )d/~ I }  (4.13)

Curves of r as a function of frequency are given in Figs. 4 .2 — 4 . 4  for

various values of p ,  d , and e
g
. The values of p

0 chosen correspond to

typical aircraft; d = 1, 2, and 3 mIs; and °g varies around the base value
H 4 —ll.SxlO inho m

The analysis for the case in which the incident wave is polarized TE

to z is similarly carried out. The field components present are H , ~~

and E , wherep

• - 

H = juc 
~

‘ (4.14a)

E,~, = — 
~~~~~ (4.l4b) - 

-

E =
~~~~

-
~~~~

- - (4. 14c)
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vs. frequency with a as
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vs. frequency with 0

g as
• parameter ; d = 2 mm , a = 1 m
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and

(4.15)

in the free—space regions. ~ is given in the interior and exterior regions

by

0 < p < a: ~ 
~ 

A~Jn
(k
o
p)ei

n(+_$ ) 
- 

(4.l6a)

b < p <~~ : ~ = j4~
— I [J~ (k~~) + B~H~

2) (k
0
p)]em n _ $) (4.l6b)

0 n — ~

in which A’ and B’ are to be determined. Applying the connection operator

~~~~ given in eq. (4.5) to the field representations obtained from eqs.

(4.l4)— (4.l6), we solve for A~ and B’, obtaining

A’ = 

~~ 
[-ffk bJ 

(4.lla)

= 
~-i- {C[J (k a)J’(kb) — J’(k a)J (k b))

+ S[—~- 3’(k a)J ’(k b) + ~!i-~. J(k a)J (k b)] } (4.l7b)

where

= CJJ’(k a)H~
2
~ (k b) - J(k a)H~

2
~~ (k b)]

- S{—~ J’(ka)H~
2
~ (k b) + ~~ — J (k a)H~

2
~ (k b)] (4.18)

Approximate expressions for A~ and B’, valid if k
0

d << 1 and (n/n f~ << 1
as we assume, are

• 

- 
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~~a d  ‘ s —l
= [c + O~~~~~ (w k p ) J ’(k P )H (k

0
p
0) (l—j)d/~5~ 

(4.l9a)

~~a d  2 S
B~ —A ’ 

o g  (irk p)J~ (k0p0) (1— j)d/6 
(4.l9b)

The energy shielding ratio for this polarization, r ,, is given by

= ~ lA~ I~ [J ’(ka)
2 + J~ (k a) 2 {l - 

k22ja

+—~--- J (k a)J ’(k a ) ]  (4 .20)
• k a  n a n o

In the case k0a << 1, r~ : ~ ( I A ’ 1 2 + (A~I
2)~ and we obtain an 

approximate

low—frequency expression for r~ as

j rt j ~ {ic + i 
fl0

O
gd k0

p 
(l-j)d/~~

k a<<l
0

÷ I C  
- j 

~:~: (l-j)d/~~~~} 
(4.21)

Curves of r,1, as a function of frequency are given in Figs . 4.5—4.7  for

the same values of a , d , and a used in the curves for r
~ 
calculated

previously.

It will be noted that when d/6 << 1, r + 1 as k p + 0 but r’ 9.!
W 0 0  w 2

as k p  + 0. This is so because the TE electric field (which is normal

to the cylinder axis) terminates on surface charges on the cylinder

surface. Thus r 7 contains only a contribution from the internal

magnetic field , while both electric and magnetic fields contribute to

r .  One will also note from eqs. (4.13) and (4.21) and Figs . 4 .2—4.7

that the principal “break frequency” for both rw and r ’ is approximately

l/iru0P0cTg
d.
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Figure 4.5. Energy shielding ratio r~ vs. frequency with a as parameter;
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.1 Figure 4.7. Energy shielding ratio r’ vs. frequency with d as parameter;
—l

a l m , a = l.5xlO mho m
• 

g

52

_ _ _ _ _ _  

•

~ t ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - - ~~~~~~ a5 5. 5--- - -- ‘- - I (II~~I

—— -‘-—~~~~~ — — ~~~ . A — ~, .~~~



r i — 
~~~~~~~~~~~~~~~~~~~~~~~ 

-- - -—---- --—--- • •  —_
~~~~~~~~~~~ • •~~~~~~~~

.
~~~~~~~~~~~~~~~ _-••

3. TIME-DOMAIN SHIELDING

In the frequency domain the ratio of the Internal magnetic field

H to the incident magnetic field H is readily shown at lowm t  inc

frequencies to be

= (C + j  
ll0Ggd 

k p  ( 1—j) d/6 1 (4.22)

for either polarization. We now construct a Laplace integral for the

internal field as follows (the incident waveform is the standard EMP

double exponential):

st
H (t) = 2dA 1 f (

1 
— 

1
) e ds (4 23)m t  ~~p 2nj J ç S+a 5+~ 
~cT sinh 1~~T + -~~~~~ cosh ~~B d d p d

0

in which all quantities have been previously defined. Now 2d/p
0 

<< 1 in

the cases which we consider, so that the poles of the integrand, in

- 
- addition to those at s = —

~~~ and s = —8, are approximately located at

s = _ 2 d/p o rd and 
_fl2fl

2/T
d (n 

> 1). Thus we obtain for the internal

magnetic field the approximate expression

~-8t —at
H (t)~~~

__
~~
A
[ 

e 
— 

e
m t  

sin sin

2 2
—fl ir t/ i

n d
7 - 

+ 2(8_ct)i
d 

~ —l e 
2 2

-
~~~~ 

- n 1  (ai
d

_ n i t  ) ( 8 r d
_ n i r )

1 ~ 
—(2d/p i

d
)t

+ f____ 
— -~ _ J e  ° ] U(t) (4.24)

in which we have made use of the assumption ai d >> 2d/p . This assump—

tion is easily satisfied in the cases we consider.
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For late times, the dominant contribution to H j ~~ (t) is the last

term in (4.24) (cf. ref . [15]):

H. ( t )  ~ 
2Ad 

~~~ 
- ~~ 1e_ (2d~~o

Td)t (4.25)m t  ‘1o~o 
(S ctT d Bid)

A plot of n0U~~
(t) vs. t for three values of is shown in Fig.

The three values of chosen correspond to thicknesses d of 1, 2, and 3

mm if a = 1.5 x ~~~ mho m
’ and ‘~i = . The radius p is taken to beg g 0 0

1 is in each case. The contribution of the expression in (4.25) at late

times is readily apparent.

Comparing Fig. 4.8 with Fig. 3.4, one will observe the ‘1 integrating”

or “low— pass” character of the cylindrical geometry itself. Thus an

incident signal is, in a sense, doubly low—pass filtered in passing into

the interior of a cylindrical region shielded by a conducting shell.
1

Contrasting behavior is evidenced by screened composite structures , which

we shall consider in the next two sections .

tThe reader is reminded that in Cal Comp plots such as Fig. 4.8, the
axis labeling is such that the exponential factor (in this case lO_2)
is to be associated with the ordinate values , not with the axis label.
Thus the maximum ordinate in Fig. 4.8 is 0.0025.
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SECTION V

PLANAR WIRE—MESH COMPOSITE SHIELDS

1. INTRODUCTION

The characterization of a wire—mesh composite layer which we shall

develop in this chapter is that of a dielectric layer with an admittance

sheet on one of its surfaces. The presence of the dielectric layer in

the vicinity of the wire—mesh screen is necessary for the correct charac-

terization of the screen, since its periodic structure causes the screen

to carry with it a reactive field which uhugsfl the screen and decays

exponentially in directions normal to the screen. Thus, a part of this

reactive field penetrates the dielectric layer and is affected by its

J presence. The equivalent sheet admittance operator Y which describes

the screen is therefore dependent upon both the dielectric properties

and the thickness of the composite layer of which it is a part.

The behavior of wire mesh screens in free space has been studied by

Kontorovich [4] and others [16—18] using the so—called “method of averaged

boundary conditions.” This method is known to produce good results for

-
~~~ screens made of fine wire and having spatial periods much smaller than

the wavelength. More recently , Hill and Wait [19] have considered wire

J mesh screens using Fourier expansions of the wire currents and have found

a computational technique which enables one to calculate the wire currents

relatively rapidly when the mesh size is small with respect to the wavelength.

We shall employ a method similar to, but an extension of, that used by

Hill and Wait to speed the convergence of the numerical solution for

the wire currents.
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The screens which have been used to shield boron—epoxy composites

are not generally fine enough to allow the unconcerned use of the thin—

wire approximation which is basic to the present theory of wire—mesh

screens. We shall, therefore , compare the results of our main analysis

(which is based upon the thin—wire approximation) with the results

obtained by considering the limit in which the screen is replaced by

a conductor with a periodic distribution of small rectangular apertures

in it. Using this comparison procedure, we can then establish bounds

on the behavior of ‘1 thick—wire” mesh screens.

In paragraphs 2 and 3 of this section, we formulate the problem of

J plane—wave scattering by a fine wire—mesh screen in the surface of a

dielectric layer of finite thickness. An equivalent sheet impedance f or

the screen is derived in paragraph 4, and the fields transmitted through

the wire—mesh composite layer are considered in paragraph 5. The “per—

forated screen” model is discussed in paragraph 6 and comparisons drawn

between the two models.

I.

2. FORMULATION OF THE PROBLEM

The geometry of the problem is shown in Fig. 5.1. A dielectric

layer of relative permittivity Cr 
(which may be complex) and relative

permeability 1 is located in the region 0 < z < d. A rectangular grid

of conducting wires is embedded in the upper (z=O) surface of the layer:

wires parallel to the y—axis are located at xpa (p = 0,±1,...) and wires

parallel to the x—axis are located at y = qb (q = O,+l,...). The wire

junctions are assumed to be bonded. The wire radius r is assumed to be

small in comparison to the spacings a and b and to the wavelengths in
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- Figure 5.1. Reflection and transmission of a plane wave by a dielectric
- layer with embedded wire—mesh screen: geometry of the
• problem 
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free space and in the layer material; thus the wire currents are purely

axial and the thin—wire approximations are valid. The wire impedance

• 
. per unit length is given by

~~ 
I(r r)

Z = —  (5.1)w 2irr 1
1

(r r)

in which

(5.2a)

T
w 

= 
~~~~~~~~~~ 

(5.2b)

and a denote respectively the wire permeability and conductivity , and

I (.) denotes the modified Bessel function of the first kind. The time

dependence is assumed to be exp(jut).

The region outside the layer is free space. A plane electromagnetic

wave is incident upon the layer from the region 2<0. The incident electric

field is given by

—jk .r
E = E e (5.3)inc 0

in which ~ is the position vector, and

k = k (a sinø cos~ + ~ sinO sin~ + ~ cos8) (5.4)o o x  Z -

E = E (
~ cosO cos~ + a cosO sinq — a sinO)o oG x y z

+ E~~(—~ sin4 + 
~ 

cost) (5.5)

• E
06 

and E~~ denote respectively the amplitudes of the 6—polarized and

+—polarized components of the incident electric field, 0 and • are the

incidence angles in spherical coordinates, and =
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The wire currents I~ and I~, are expressed in terms of space—harmonic

series as follows:

—jk qb - —jk x
= qb) = e >‘~ ~ I e  (5.6a)

• —jk pa .. —jk y
I~ (x = pa) = e X0 

n~—c’ 
t e  yn 

(5.6b)

I and I denote the space—harmonic components of the currents I and Ixiii yn x y

respectively , and

k k sinO cos+ + 2irun/a (5.7a)

k
y~ 

— k0 sinO sink + 2irn/b (5.7b)

The electromagnetic field is expressed in terms of a vector function ‘V

J as follows:

(5. 8a)

E~~~~- - I V V + k 2I] • (5.8b)

where ~ = ‘V ~ + ‘V ~ andx x  y y

+ k2~ = 0 (5.9)

2 2 2 2with k = k c and c = C C for 0 < z < d; and k = k , C = C elsewhere.

The pe:iodic nature of the wire grid indicates that the. various field

quantities will be most conveniently expressed in terms of two—dimensional

space harmonic series as

-j kx - j k y
- • F(x ,y , z) = 

~~ F (z)e ~~~~~ e yn 
(5.10)

m — ~ n=—~

We thus obtain for the tangential (x and y) space—harmonic components of

E and H the following expressions:

60 -

• 
— — - -— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ • -
‘~~~~~~~~

-- - . . -

~~~~~ .~~ S_

_ 

~~~~~~~~~~~ 
- - -~~~- ------- ~~• i ~~~IL ~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

.— 
~~~~~~~ —--_-

----.- ~~~~~~~~~ II~I~~~



__ 
- — - — 5--—- 

- -  ~~~~~
—- —- -5 — —-- 5-—-— 5-

~ 
= —

~ — -F • (5.lla)tam j c ~mt mu mu

= h x 
~~

) (5.llb)

in which

k
2
-k

2 
-k kxis xmyn 

-
•

F = (5.12) -ma 2 2• — k k  k - k
~~~yn yn

2 2In the dielectric layer, P = P , k = k c , and C — C C ; elsewhereinn damn o r  o r

1’mn 
= 

~omn’ 
k
2 

= k~, and c = c
0. The space—harmonic components of the

surface current density due to the currents in the grid wires are

j I I
3 = — ~~~~~~~~ ~~~~~~ (5.13)smn b x a y

We now construct appropriate solutions for ~ in each of the three

regions of the problem. We- have

jk z —jk z
— zomn — zomn

—~~< z <0 : ‘V = A  e + n  e (5.l4a)mu mn mu

0 < z < d :  ~ = B  cos k z+~~ sink z (5.l4b)mu inn zdmn ma zdmn

• 
— 

—jk (z—d)
d < z < ~: = D e zomn 

(5.14c)mm inn

2 2 2 2 2 2 2 2 — —where k = k  -k — k  and k = k c  -k -k ; A  -D arezomn o ion yn zdmn o r ion yn mn ma

vector functions of is and n to be determined; and ~ represents the
inn

incident wave: 
-

~
mn j W C68 

~~~~ 
‘ 

~ot 
(5.15)

8 denotes the Kronecker delta—function and ~ = (1 — 
~ 

) •k ot zz
- 

- 
Ecf. eq. (5.5)•].
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We are now in a position to construct the boundary—condition equations

from which the unknowns A — may be determined in terms of it andmu inn mu

~smn~ 
By ensuring continuity of tangential ~ at z = 0 and z = d , continuity

of tangential i-i at z = d , and the appropriate discontinuity of tangential

•1 ii at z = 0, we obtain the following system of equations;

F • A - ~~~
— F ‘ I = —F • (5.l6a)

0 C d 0
r

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

(5.16b )

~— cos k d P  • B+ ~~— s ink d P  •~~~— P  ~~5 = O  (5.l6c)
C zd d C zd d

k sin k d I — k  cos k d~~~— jk 5 = 0  (5.16d)zd zd zd zd zo

We have dropped the (m,n) subscripts in eq. (5.16) and in the following,

for simplicity of notation. They will be reinserted where necessary for

clarity.

It is sufficient for our purposes to solve eq. (5.16) for A and 5.

We obtain, after some tedious but straightforward manipulations,

A = F .  (A
~~~

i+ 2jk r .3~) (5.17a)
zo

S = F 
~ + 2Jk

20 
3 )sec k

d
d (5.17b)

in which

5
- k2

F = + f~ 
F~ • Fd + k

2
dC ~~~ 

(5.l8a)

~ f zo rl • — k
2
d
c ~~~ . (5.l8b)

I
; 
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F = T + ~ -~~
-
~~~~~ F;’ • F~ (5.18c)

and

j tan k d

k k (5.19)
zo zd

F, A , and I’ may also be expressed as follows:

V = a~T ÷ b~Ky (5.20a)

A =  a~I+ bAK (5.20b)

J 

- 
F = aT + b~~ (5.20c)

in which

L k
2
x

X 
= 

2 (5 .21a)
kk kxy y

-
~~~~ k

2 
-kky x y

= (5.21b) - -
I — kk k

icy x
- 

and

= jl + 
~ [k~~

c + ~~~J]
_l 

(5.22a)

b
f 

= 
~~~~~~~~ 

(c — 1)2 af [1 + f (k2 + k2d)]~~ (5.22b)

- I 
a
~ 

= — 

~~ ~~~~ 
— 1) (5.22c)
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= ~~~~~
— (c~ — 1) (5.22d)

- r

- a = l + ~~~k
2 (5.22e)

• Y

b = 
~~~~~ 

Cc — 1) (5.22f)

I In order to determine the still unknown wire currents and thereby

complete the solution to the problem, we apply the boundary condition at

- the wire surfaces that the component of E parallel to a wire axis is

equal to the wire current times its impedance per unit length. Since the

wices have been assumed to be thin, it suffices to apply this condition

at the tops of the wires, i.e.,

j E(~c ,qb,—r) = Z~I~ (y qb) (q = 0,±l,...) (5.23a) 
- 

-

I 

E~(Pa~Y~_r) = ZwIy
(X pa) (p = 0,±l,...) (5.23b)

The conditions (5.23) lead directly to the following coupled set of

equations:

-jk rzomn
1 v e — =

I a ‘a •J — Z I
JWC 2jk x inn sun w x m

0 n — ~ zomn
1-

-~~~ ~~~~~~~~~~~~~~~ 
( m 0 ,±l,...) (5.24a)

—jk r- zomn
1 r e —

a ‘a •J — Z I
J W C  

~~=~~= 
2Jk y inn smn w yn

= • b . 
~ot 

6n = 0,±1~~.~~~) (5.24b)

in which
I~~~ •

~~ 

—

= F ‘ V 1’ (5.25a)mn omn inn inn

• 
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—Jk r jk r
b = P • (F • A e 2000 

+ Te ~~~~ ~ • F~- (5.25b)000 00 00 000

Since k r = k rcos0 < k r << 1, we have• z000 0 — 0

. (~~ • A + I) • F 1  (5.26)000 00 00 000

Equations (5.24) can now be solved for the wire currents, and the solution

to the problem is formally complete. We address the problem of solving

eq. (5.24) in the next paragraph.

— 3. GRID CURRENTS

Equations (5 .24) may be rewritten as follows:

U I + ~ V I = R 6 (am = 0,±l,...) (5.27a)m x m  mn yn o mn=—~
I i

W I  + 
~ 

X I  = S &  (n = O,±l,...) (5.27b)

in which

—jk rzonin
= Z

w j~ c 
~ ~~~~]) 

jk b (S.28a)
o n=—= zomn

-Jk r
- zomn

v — 1 (1,2) e
sin — — juc a 

2jk a (5.28b)
0 zomn

—jk rzomn
W = Z — 

jwc 1 ~,2) 
2jk a (5.28c)

• 0 m — ~ zomu

- —jk r
1 1’) ~~ 

zomn
£

mu jwc a 
2jk ~~ (5.28d)

0 ZOUIfl
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R - E 0
(b~~’~~ cos0cOS$ + b

U
~
2)cos0sin+)

+ E (—b ’~~ sin~ + b~~’
2
~cos+) 

(5.28e)
0~

S = E (b~
2’1~ cos0cos~ + b~

2’2~cos0sin+)o •  oB

+ E ,(—b~
2’~~ sin~ + b~

2’2~cos+) 
(5.28f)

a~~’~~ = afmu[k~
(l + 

~mu omn~ 
- k~~(1 + 

~~~

+ b k2k2 (1 + ~ k
2 ) (5.29a)

• fmnoyn mn zomu

a~~’
2
~ = a~

2’~~ = —a k k (1 + ~ 
zomn
)mn mu fmn ion yn mu C

- • J
— b k

2k k (1 + ~ k
2 ) (5.29b)

f inn o xm yn sin zomn

2

a~
2’2~ = a 1k

2(l + ~ k~ ) - k2 (1 + 
~ k

mu fmn o mn zomn yn mu C
r

+ b k2k2 (1 + ~ k
2 ) (5.29c)finn o xm mu zomn

b~~’~~ = 1 + a a + a b k2 + a b k2 (5.29d)Xoo foo foo Xoo xo Xoo foo yo

b
~~
’2
~ 

= b~
2’~~ = k k (a b + a b ) (5.29e)xo yo foo Aoo Aoo foo

b~
2’2~ = 1 + a a + a b k2 + a b k

2 
(5.29f)

4- Aoo foo Aoo foo xo foo Aoo yo

Equations (5.24) can be solved numerically for I and I ; however,xiii yn

Hill and Wait [19] have shown that in the case where the dielectric layer

Is absent (i.e., the wire grid is in free space), convergence of these

equations can be extremely slow. They found that by incorporating a

Kirchhof f’s—law junction condition into the solution, the convergence
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was radically improved . Anticipating a similar difficulty in the present

• situation, we shall modify eq. (5.24) by incorporating junction conditions

which should speed the solution.

Consider the functions

= j~ - 
~ 

-~~~ ~~~~~~~~ 
(5.30a)

~
‘ (x) —a 

2 ~~~

‘ 

~~ e
_2j

~~~
l’a (5.30b)

a (2ir ) n=—~ n

which are shown in Fig. 5.2. f
a
(X) has a unit jump discontinuity at

x 0 , ±a,. .; g~(x) has a unit discontinuity in 
slope at x=0, ±a Let

us write for I(x,y = qb) and I(x = pa,y):

—jk qb -jk x
I(x,y = qb) = e e ~~ 

~~~~~~ 
+ s~g~(x)

+ 

~~~~~~~~~~ 

~~~~~~~ 
(5 3la)

—jk pa -jk y
I~(x = pa,y) = e 

X0 e YO [—~f~ (y) + s~~~(Y)

+ 

~~
. 
i~~ e ’

~’~
”j (5.3lb)

The parameters ~ ~~ and s are still to be determined; it will be noted ,

however, that Kirchhoff’s current law is automatically satisfied at the

• wire junctions. The expressions given in eq. (5.31) are equivalent to

5. a s i
• I = 1 - 

[2~~~~~ 

+ 2j( 
- 6 )  (5.32a)

~The primes on the summation signs in eq. (5.30) and elsewhere indicate
that the term n 0  is deleted.
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~~ 
- 

g0(X)

Figure 5.2. Functions f (ic) and g~ (x) vs. x
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- - bs 1
I = I~ + — ~

‘ I( 1 —6 ) (5.32b)
yn yn 2irjn (2wn) 2

j

It is now required that the charge density on each wire be continuous

at the junctions, i.e.,

al ai
= —~~ (5.33a)

- 
axx—pa x pa+

ai
—‘i = (5.33b)

y qb— y q b+

for all p,q. The conditions of (5.33) are obtained from the continuity

equation. Imposing these conditions yields expressions for s~ and 5y 
in

terms of A :

s =jk A (5.34a)x ito

s = —jk A (5.34b)y yo

If these expressions are introduced into eq. (5.32), we obtain

- - j k a
I = I — A (1 6 )[ + X0 

(5.35a)• xiii xiii in 2irjm 2
(2urm)

‘yn 
= + A (l_&n)[2~jn 

+ 
2~fl

21 (5.35b)

The final condition to be imposed is that the charge density on the
8 - 

“x—wires” be equal to that on the “y—wires” at the junctions. This

requirement leads to the condition

ayxpa xpa
y q b  y=qb

which yields the equation for A: ‘

4

~ 

~~~
-
~~~~~~~~~:

i;; :~~ , : ~~
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r 2 2  2 2k b  k a

A = L
~~(1+ Y0 )~~~~~(1+ XO )

_l

. Ji ~ k 1 - ~ k ~ 1 (5.37)
- yn yn -

This last condition may be interpreted physically by noting that it implies

no potential difLerence between the wires at a junction. Kontorovich [4]

used a more general condition than (5.36) to include the effect of a

finite junction impedance. Inclusion of this effect in our analysis can

be shown to modify eq. (5.37) by an additive term ~ in the first square

brackets; and

= JwKZ~~ (5.38)

• j where Z. is the junction impedance and K is a proportionality constant

— 

given by

K = ~~~~~~ Eq (x=pa ,y=qb) — q(x pa,y=qb)] (5.39)
pq

V
pq is the junction potential difference and q and q denote respectively

the linear charge densities on the “x—wires” and the “y—wires.” It is

tempting to proceed with incorporating this junction condition in our

present analysis. However, it is recognized that by initially formulating

our problem with the x—wires and y—wires coplanar, the solution for the

8 currents will converge to the result for which ~=0, no matter what value

of 
~ is initially assigned. Therefore, we shall consider only the bonded—

• junction limit in the present work, and reserve the case of finite

junction impedance for further study.

Incorporating eqs. (5.35) into eq. (5.27) and simplifying, we obtain

a new set of coupled equations for the “modified” space harmonics

and 1’ as follows: together with eq. (5.37), we have
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U 1’ + ~ V I — P A R iS (am = 0,±l,...) (5.40a)
m xiii mun yn m o m

n — ~

W I  + ~ X 1 + Q A S 6  ( n 0 ,±1,...) (5.40b)
n yu mn xm n o n

in which

I jk a l
P = u 1 1 + XO 1 ( 1 — 6 )
am m~2iiJm (2mir)2J

r j k b l
— 

~ 
V~~~2

:I
~ + 

yo (5.4la)

‘~=~~~ L (2nii) j

r j k b l
Q = W I ‘ + ~“° 1(1 — 6 )
n nt2itjn 2t n

i (2nir)j

co r jk ~~~
— x + 

itO (5.4lb)
— — 

mnI2irjm 2
am— (2mw)

The various summations required in the evaluation of the currents can be

put into rapidly convergent form by adding to and subtracting from each

sumniand its dominant behavior for large values of the sunmamation index,

and then performing the sum over the added dominant terms in closed
I-

form. We readily obtain

(1,1) —jk rci a Zoiflo
4 - in —2,r r~b —l ma eU Z — in~l — e  ) —

in w 2wjwC jwC 2jk b
0 o

• -jk r

— 
1 

~~ ra(l,l) e 
zomn 

— 
%~ —21n1Trr/b]

juc ‘- I inn 2jk b 4 I n k  e ( . a)
o fl=~~ zomn
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(2,2) —jk r
r a zoon
u —2ttr/a —l on e

Zw 
— 

2irjuc 
£n(l — e ) — jwC

0 
2jk

00~
a

-jk r

— ~~ ~a~~’~
) e 

zomn 
- 

r e 2 h n r/al (5.42b)
j uc  • I inn 2jk a 4 1m 1 TT

0 m — ~ L

= — Ln(1 —n 2irjuco

r —jk r

— 
1 j’ t a

(1
~
2) e 

- 

Zohflfl 
— 

S
~ e

_2
~~~~~

s/b (5.42c)
juc I inn 2njk a 4 l n I i t

o n — ~ I. zomn

= — ~ 9n(l — e
2
~~~~Y~m 2irjwcm —  o

2 —jk rI zomn t
— 

~ 
j ~~~~~ ~mjk b 

— 

4 [rn [ ur e
2 m T~r/a (5.42d)

o m — ~ zomn

in which

2k2

q = lim a~~ ’~~ = k2 — (5.43a)
• m sin o l + c r

2k2

r = 1mm a~
2 ’2

~ = k2 — >‘~~~ (5.43b)n mu o l + cm - ~~ r

-4irk
- (1,2) b xiiis = lim a — (S.43c)m In I-~ 

inn na a(c + 1)

-4-irk
t = u r n  a~

2’1~ 
a 

= 
yn 

(5.43d)
~ 

~~~~~~~ 

mu nib b(C r + 1)

$ The above results hold when d > 0. (If d = 0, the correct results are

obtained by setting c =

- 4
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We are now in a position to calculate the wire currents in a

relatively efficient manner, and from the currents to construct all

the field quantities of interest in the problem. Our principal interest,

however, is in developing a relatively simple characterization of the

screen embedded in the surface of the composite, in the form of an

equivalent sheet impedance. This problem is addressed in the next

paragraph.

4. EQUIVALENT SHEET IMPEDANCE OF THE GRID

In this paragraph we derive an equivalent sheet impedance for the

wire grid embedded in the surface of the dielectric layer. The relation

j which we seek is

= = ~-l • (5.44)too 5 500 S 500

which relates the space—averaged tangential electric field at the grid

to the space—averaged surface current density Lcf. eq. (2.16)].

From eqs. (5.lla), (5.l4a), and (5.l7a) we obtain

E (z 0) = 
1 F • (A + ~ 

)
- - tOO juC 000 00 00

0

= ~ (P .V  .
~~~~~

‘ + F  ) . ;~jwc 000 00 00 000 00
0

no = =— — secO P • F • r • J (5.45)
2k2 000 00 00 500
0

and using eqs. (5.15) and (5.25),

E
~~~

(z 0) = — 2~. secO ~~~ • 

~~ , (5.46)
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Now substituting eq. (5.44) in (5.46), we have

-~~~~~~~~~ — 5 —  — n — —

Z • J = b  ~ — --2--- sec O a  • .1 (5.47)
5 SOO ot 2k2 00 S00

0

The system of eqs. (5.27), or (5.37) and (5.40), can, in principle at least,

be reduced to a system of the form

UI + VI = R (5.48a)
ito yO 0

XI + WI = S (5.48b)
xo yo 0

or, equivalently ,

bU aV I / b  R

-. - - = (5.49)
bX aW Ii /aI SL y o _1 0

Now ,

R
0

= b •  ~ (5.50)
S 

ot
o

and defining

bU aV 
(5.51)

bX aW

we obtain

— 
—

Z • 3 = b . (5.52)
- g SOO ot

Substituting eq. (5.52) into eq. (5.47) yields

Z = Z — —j secO a (5.53)
~~ g 2k °o

0
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which is the relation required. It is evident tha t the problem of finding

• the equivalent transfer impedance Z5 has been reduced to determining the

impedance Z
5
. This can always be done numerically, of course: calculating

the currents I and I from (5.37) and (5.40) for given E and Exo yo oO

permits the evaluation of U, V, W, and X; however, we recognize that

in the applications we have intended to consider, the mesh dimensions

will always be much smaller than the wavelengths involved. As a

consequence, an approximate analytic solution can be obtained.

The approximate solution is based on the fact tha t in the low—

frequency limit, the system of equations (5.40) together with the

auxiliary condition (5.37) has proven to converge using only one modified

space—harmonic in I and I (discussion of the appropriate numerical

results is deferred to paragraph 7 of this section). Therefore, in

- 

- 

this limit, we have

U = U  + k  f P  (5.54a)~0 itO 0

V = V  — k  f P  (5.54b)
00 yo 0

:~ X = X  — k  fQ  (5.54c)-
00 XO 0

W = W + k~~f Q0 (5.54d)

in which

2 2  2 2k b  k a
f = j[-

~
. (1 + 

~
‘
~2 ~ 

+ ~~ - (1 + 
XO )]

_1 
(5.55)

Thus, if

z z
• j 

sxx sxy
Z = (5.56)5 z zsyx syy
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then

• 
- -jk rzoon (,

1. e ~l,lZ Z b —  ) .
sxx w jwC0 ~~~~~~~~~ 

2Jk
~00~ ~ 

on

j k b  -

— k f[ + Y0 
~~~~~~~ (5.57a)

xo a 2ir3n (2nn)2 on

-jk r
—fk = . zoon jk b

z
sxy 

= jwc~ 
~~
=_,, 

~,2) °
zi:zoon 

‘2~~ U 
+ 

(2irn)~ 
- 

(5.57b)

• —fk ~~.. zomo jk a
= 
jwc~ 

~~~~ 

a~~~
l)e

~j~ 2lTjiit + 2 (5.57c)

z = z a — .
~~ ~ e 

- 
Ia(2~

2)
syy w 3wc 23k ~ rno) 0 m —  zomo

- I  ‘ jk a
— k ~ f[ + 

XO 
]a~

2’~~~’ (5.57d)yo b 2rijm (2mw)2 h O  J

In obtaining the above results we have used the approximation

exp(jk r cosO) 1. In order to simplify the results of eq. (5.56)

further, we take the limit as k a, k b , k a, k b, k a, and k b allo o d d xo yo

approach zero, retaining only terms of first order in the final results.

We obtain, after some tedious manipulation,

Z Z
wb + ~~ 

k b  
Llb 

- 

k b  k 
(1 + 

~~
)L2b (5.58a)

n f k  k
Z
sxy 

— 
2-irk 

yo 
L2b (5.58b)

n f k  k
- 0 xo yo

- -
• syx 

- — 
2wk L2a (S.58c)

0
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ka ka k 2

Z5yy 
Z
w
a + in0 ~~~~~ Lla — in0 -

~~~~~

— f (1 + ~~)L2a (5.58d)

in which
~~ 

—2nirr/q
L1q = 

n l  

e 
= 2.n(1 — ~_2wr/q)

_1 
(5.59a)

—2nirr/q l+ t Ic
L
2 

= y e - nq r 

~ 
(5.59b)q n l  n l + — t  (c +— )2 nq r c

r

t
flq 

= tanh (2fllT d ) (5.59c)

where q = a o r b. 

—

Let us now consider the elgenvalues of the Impedance matrix for

the case of a square mesh, a=b. It is easy to show that the two eigenvalues

and are given by

Za + - e 2 / a )1 (5.60a)

ka k2
— jn0(-~ ---) 

2k2 
L2 (5.60b)

where k~ k
2 
+ k2 ..k2sin2O. Co:slderation of the elgenvalue equation

(Z5 
— Z91I) 

. = 0 (5.61)

for I = 1,2 reveals that

for Z = Z
1: = 0 (5.62a)

for Z = Z
2
: x = 0 (5.62b)

where = k ~ + k ~ . The conditions of eq. (5.62) are immediately

• 1 0 x o x  y o y

77

~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :~~~

-
~~ ~~



_________ — —

recognized as those corresponding to perpendicular and parallel polarization

respectively ; therefore

z = V = i/Y’ (5.63)sl ii s

is the equivalent sheet impedance for a perpendicular—polarized field,

and

Z = Z” = l/Y” (5.64)s2 s s

is the equivalent sheet impedance for a parallel—polarized field.

• Several features of these results are worthy of some discussion.

These are:

(a) V and Z” (or Yt and Y”) are isotropic, i.e., they do not depend

upon the angle 4. This result is not surprising, since a bonded

wire mesh in free space is known to behave isotropically [4,19]
2

at low frequencies.

(b) Z~ and are not equal except when = 0; thus the wire mesh

is fundamentally different from a simple surface admittance

layer in this respect.

(c) Z” is dependent upon k~~, so the wire mesh is spatially

dispersive. This result also agrees with the known results

for the wire mesh in free space.

(d) Z” depends upon C
r 
and d. Physically, this occurs because for

parallel polarization a normal component of electric field is

• present which penetrates the dielectric layer. The real impor—

tance of this result is that the behavior of the grid depends

upon its surroundings. As a consequence, the total behavior

of the grid and the dielectric layer cannot be found by

considering these -components separately.
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(e) The function is bounded as follows:

£n(l — e
_2fhI’

~)~~ > L2 -
~~

- 1 c Ln(l — e
_2
~~

1’a)
_l

The upper bound follows from setting c = 1 and/or d = 0 in

(5.59b); the lower bound follows from letting d/a become large

in that equation.

(f) With regard to the observation made in 5 above, it must be

emphasized that id cannot be too large, since the condition

(k
da/2w) << 1 must hold in order for our approximate analysis

to be valid.

The thickness of the dielectric layer can be simply accounted for

by defining an equivalent relative permittivity C
eqr as follows:

c = —
~~— 9.n(1 — e_ 2 ’a

)
_
~ — 1 (5.65)eqr L2a

• Eeqr will depend upon d/a, c , and (weakly) upon na ; and

k a  k2
= Z a + j n (-~~—) [l — 

2 

to 
HLn(l — e

_2
~~

’5
)
_l 

(5.66)5 W o w  k(l+c )
0 eqr

where 1 < c < c - We have calculated curves of e vs. d/a for
— eqr — r eqr

various values of c and n a ; the results are shown in Fig. 5.3. It

is evident from these numerical results that when d/a is greater than

unity, Ceqr ~~; and since this is the situation which normally prevails

in wire—mesh composite applications, we shall set c = ~ in theeqr r
remainder of this report.

A generalization of this result is obvious: if a wire grid is

embedded between two dielectric layers of relative permittivity En and

Cr2 and the thicknesses of both of the layers exceeds a, then the equiva—

lent surface transfer impedances of the grid will be simply
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a
• Z’ = Z a + ~ £n(l — e

_2
~~

h’a)
_l 

(5.67a)s w 2w

2juiu a 
—2 / —1 k

~Z” Za + 
2-it 

tn(l — e irr a) [1 — 
2 

° (5.67b)
k(c +~~ )o rl r2

The physical reason behind these results is simply that the reactive field

of the wire grid decays exponentially in the directions normal to the

grid as exp (—2irIzl/a) ; and if the layer boundaries are sufficiently far

removed f r om the grid, these boundaries are not “felt” by the reactive

field.

It is convenient to express the equivalent sheet impedance for a

square mesh in dyadic form as

= = (3k t )(jk~ 
)

Z = Z
1I + Z 2 

k
2 

° (5.68)

-4 
0

or in dyadic operator form as

— ~~~~~~— —‘ V V
= + (5.67)

in whichI.

k a
= Z a  ~ ~ E Ll (5.70a)

Z 2 
= 

~~~ 
L~ (5.7Gb )

and V
t denotes the transverse or surface del operator. The elgenoperators

for perpendicular and parallel polarization are then given by

:1 • - Z’ = (5.7la)

Z = + z
2
V
~
/k (5.7lb)
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We have used the fact that V~ is equivalent in the space domain to

in the Fourier spectral domain to construct the result (5.69) from

(5.68) and (5.7lb) from (5.67b). Curves of V = R + IX are shown

plotted as functions of frequency for typical screen parameters in

Fig. 5.4.

In the next paragraph we shall consider the problem of transmission

of a plane electromagnetic wave through a planar layer of the wire—mesh

composite, using the equivalent sheet impedance 
~~ 

which has been developed

in this paragraph.

5. THE TRANSMITTED FIELD

Having developed an equivalent sheet impedance operator to characterize

the wire—mesh screen, we may make use of the boundary—connection formalism

developed in Section II to solve the problem of transmission of a plane

electromagnetic wave through a planar wire—mesh composite shieldt. The

boundary connection relation for our problem is (cf. eq. (2.19))

E
~~~~

( 0 )  M
cii Mtl2

= • (5.72)

Mt21 M
~22 n0ff

~
(d+)

L in which

= cos k dd (5.73a)

= — U sin k d (5.73b)tl2 j —  zdYE
r

tWe could, of course, calculate the transmitted field directly from the
analysis in paragraph 2 of this section. However, in the frequenc~ range
of interest for EMP studies, the approach based on the equivalent Z is
much simpler.
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r m-~--~— -~ ~~~~~~~~~~~~~~ 

—

~~~ ~ ‘ ‘~~~~ - -

= no cos k
dd ~~ 

x ~—l + U sin k dd (5.73c)

= I cos k d — ~~~ sin k d (~ 
x ~~1) • (5.73d)t22 zd r— zd z s

YEr

and U is given in eq. (2.9) with k = k J~~ and k = ko r z zd
For perpendicular polarization, the elements are, when k dd << 1,

= I (5.74a)

Mtl2 
= —jk d 

~~ 
x (5.74b)

k2 d
Mt2l = [n0(Z~)~~ + ~ 

zd 
(5.74c)

0

= El + jk0d n0
(Z~)~~ ]T (5.74d)

and for parallel polarization, we have

= T (5.75a)

= lk
2
d
d 

=
M~12 = — 

kc a X I (5.75b)

Mt21 = [no(~~)
’ + jk C d]~ x (5.75c)

— k2 d
M~22 = [I. + j kc  n0 (Z~)~~]Y (5.75d)

We have introduced the approximation kzdd << 1 because such a relation

will hold for a composite panel of this type over the entire EMP frequency

range: for example, if Cr = 4.0 and d = 2mm, kzdd < 0.0084 at f = 108 Hz.

1 1  86

___________ ____________ _ _ _ _ _  _ _ _ _ _ _ _ _  - W ~~~~~~~~~~ 
- - -

~~ _eL~ 
- I - 

— ——--- 
- -I- - ~- - • ~~~~ - - . 5  _ 

‘1 ~ ~ -.5

— I- 
I~~~~ 

— _________



AD—A 058 808 KANSAS STATE UNIV MANHAtTAN F/G 10/6
ELECTROMAGNETIC SHIELDING BY ADVANCED COMPOSITE MATERIALS. (IJ)
JAN 76 K F CASEY AFOSR— 2960—76

UNCLASSIFIED AFWL—TR—77—201 NL

~ or2

-~~

a 
_ _a .

END ¶

DOC

_ _ _ _ _ _ _ _



-

Now carrying out an analysis similar to that done in Chapter III,

we obtain for the transmission coefficients T’ and T” the expressions

—l 3k d —l —3k d cosO
= {i + [.

~~ 
(Z~) + 2

° (cr_l)]secO} e (5.76a)

j k d
= + 

~t 
(Z”)~~ + 2

° 
~~r

_ 1flC080

3k d 2 1 —1 •~_i —j k0d cosO
+ 

2
° sin 0(1 — -~--)[sec8 + n0(Z) 

]j  e (5.76b)
r

to first order in (k d). It is clear from eq. (5.76a) that for perpendi—

cular polarization, the equivalent sheet admittance for the wire—mesh

composite layer is

J . j k d
= (Z’) + ° (c — 1) (5.77)s,eq s r

0

which is in agreement with the result given earlier in eq. (2.31). For

parallel polarization the “equivalent” sheet admittance is

jkd
Y” = (Z”)~~ + 

° ( —1)s,eq s r

j k d  2 1 1+ 
0 sin 0 sece(l — —) [sec0 + ~~ (Z”) ] (5.78)
o r

The equivalent sheet admittances given above can be substantially

simplified if we restrict our attention to realistic screen parameters

and the EMP frequency range . For example , a screen with a = 0.635 nun

(40 x 40 meshes to the inch) made of stainless—steel wire (conductivity

1.1 x io6 mho m~~) of radius 0.05 nun yields a value of In0(Z~
) ’I greater

than 3 x Thus we may neglect terms proportional to k
0d; and

(Z~)~~ (5.79)

~
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r
and, except for angles of incidence e very close to 900 ,

= (Z”)~~ (5.80)s,eq s

It is therefore apparent tha t the screened composite layer is essentially

equivalent to the screen alone , insofar as its behavior as a shield is

concerned . It should be noted , however, that the effect of the dielectric

layer does indeed enter the results, in that Z” depends upon the relative

permittivity of the layer. We give explicit expressions for Y
s
’
eq

for plane waves below:

Y’ [Z a + ~n(l 
— e

_ 2 / a )~~ ]~~ (5.81a)s,eq w

j~ p a  2

~~,eq 
[Z
~
a + 2~ 

£n(l — e
_2
~
t
~
’a)~~ (l — ~ )]

~~ (5.8lb)

2 

r 

2 2For fields other than plane waves, sin 0 should be replaced by k
~0

fk0.

The transmission coefficients T’ and T” are given approximately by

—jkdcos 0
o 2cosOT ~~e —l (5.82a)

2cos0 + ~~(.Z’)

—jk d cosO
e o 2sec0 (5.82b)

2sec0 + ~ (Z”)~~

These very simple expressions will quickly yield numerical values for the

frequency—domain transmitted field . Some representative curves of the

magnitudes of T ’ and T” as functions of frequency for various angles of

incidence are shown in Figs. 5 .5—5.8.

The problem of transmission of a transient EMP signal through the

wire—mesh composite layer is of interest and may be easily attacked.

For simplicity, we shall assume that 
~~ 

(wr2a )~~ , i.e., that the screen

wires have radii small in comparison to the skin depth over the frequency
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range of interest. This assumption will be reasonably valid over most

of the frequency range occupied by an EMP signal, and will lead to a

relatively simple analytical expression for the transmitted field. Setting

up a Laplace integral for the transmitted fields E~ (c) and E’~(t) ,  we

easily obtain
I II

I I I  
~~~~~~~ 

v ’ — aE ‘ (t) — Ae , ,
- 

t 6 ’  + y ’ —~~~~

I II

—B-t y ’ —
~~~~— Ae 

~ II I II

6 ’  + y ’ —~~~~

I II I II r I II

— ( 6 ’ +y ’ )-r 6’ (B— cc )
— e I I,  ~ I I I  I I I  ( . )

(6 ‘ + y ‘ — a)(6 ‘ + y ‘ — B)

in which A, a, and B have been previously defined , and

= 
2 —2irr/a —1 (5.84a)

• • a tn(l—e )

= y ’(l - ~
i
~

2

~
r
)
_1 

(5.84b)

I _ _ _ _ _ _ _ _ _ _ _6 = 
—2mrr/a —l (5 84c)

a 2.n( 1—e )

6” = 6’cos20(1 - 
~
if

~r
)
_l 

(5.84d)

4 Now for angles of incidence not too close to 90°, 6’ and 6” are large

in comparison to a, 13, y’, and y”. Therefore, an approximate expression

for the transmitted field is

V I I  
-

E’() = , , ,  E (r)
6 ’  °

+ 
1 {C1

~~~~ 
— 0 1  e~~

6 + Y ) T ~ ( 5.83)

6 ’  r—0

‘

~1 
- • - -  

- 
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in which E (r) is given in eq. (1.1). The factors y ’/6’ and Y
II/6II are

given by

• 

• 

= 
2a cosO (5.86a)

• ir~~~ r ao V

= 
2a secO (5.86b)

ir~~~r ao w

Note that the quantity ,rr2a /a plays the same role in these expressions

as does the quantity a
g
d in related formulas for the graphite composite

case. Curves of E
~
(-r) vs. T at normal incidence are shown for two

representative cases in Figs. 5.9 and 5.10.

The shapes of the E
~
(T) curves of Figs. 5.9 and 5.10 can be

j understood readily in terms of the “differentiating” or high—pass charac-

ter of the bonded wire—mesh screen. The sheet impedance of the screen

comprises both resistive and inductively reactive components, and thus

increases in magnitude with increasing frequency. The effect of this

behavior on the transmission coefficient in the frequency domain is

!vident in Figs. 5.5 through 5.8: configurations with a
~ 

= 1.1

io6 mho m 1 yield values of JT ’ I  and JT ”J which are nearly constant with

respect to frequency over the range of interest, and the sheet impedance

• • is primarily resistive. Increasing the wire conductivity to 3.72 x

niho m~~ decreases the resistive component of the sheet impedance, making

the reactive component relatively more Important. For the two mesh

size/wire radius combinations considered, the transmission coefficient

at low frequencies is higher for the case a = 0.212 mm, r = 0.051 mm than

for the case a = 0.635 mm, r 0.127 mm, as a consequence of the fact

that the second configuration contains more metal per unit area, even

though the mesh size is rarger . On the other hand , the inductive reactance
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of the 0.635/0.127 configuration is larger than that of the 0.212/0.051

• mesh, for equal wire conductivity; the magnitude of the transmission

coeff icient for this case is correspondingly greater at higher frequencies.

The effect of this behavior on the time—domain transmitted electric

field is evident in Figs. 5.9 and 5.10. The 0.212/0.051 mesh yields

an E
~
(r) response which is nearly independent of a up to -r — 5 x io~~2

sec; this early—time behavior is principally a result of the inductive

reactance of the sheet impedance. At later times the resistive component

of the sheet impedance exerts the dominating influence on the transmitted

field.

- 
The 0.635/0.127 mesh, on the other hand, yields a much higher

• amplitude for the transmitted field at early times (again, up to r = 5 x
—12 -- 10 sec, the response is nearly independent of a

~
) as a consequence of

its larger inductive reactance. The late—time amplitude is again dominated

by the resistance of the screen, although some undershoot is apparen t

for -r > 2 x lO~~ sec for the case of the larger wire conductivity.

The most interesting comparison to be made among the four curves

presented is that between the two higher—conductivity cases. The finer

mesh, even though its ~quivalent conductivity—thickness product 1rr
2cr

~
/a

is smaller ~~ a factor of 2 than that of the 1a~ger mesh, yields a

smaller transmitted field. This observation leads one to conclude that

the conductivity—thickness product alone cannot be used as a measure of

the effectiveness of mesh shields. The time—domain behavior of the

incident fields must also be taken into account; in fact, an interesting

- 
problem for further study would be to design a screen to yield minimum

• transmitted field under a given set of constraints.
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One should also compare the curves in Figs. 5.9 and 5.10 with

• those in Fig. 5.4 for the planar graphite composite layer. The pulse

shapes have already been discussed. Of interest, however, is comparing

the peak transmitted electric field amplitudes for the two types of corn—

posite. For example, a 2 mm thick graphite panel of conductivity °g 
= 1.5 x

1O4 mho m~~ yields a peak transmitted electric field amplitude of 9.7 x l0~~;
the 0.635/0.127 mesh yields a peak value of 45 x l0~~; and the 0.212/0.051 mesh,

15 x i0~~. The screened panel would thus seem generally to be a poorer

shield than the graphite panel, at least at early times. We will return to

this type of comparison in the next section.

6. THE PERFORATED SCREEN MODEL FOR A WIRE MESH

In this paragraph we briefly consider the problem of transmission of

a plane electromagnetic wave through a periodic square array of square

apertures in a perfectly conducting plane, in order to compare the results

to those previously obtained for the wire mesh. One purpose is to gain

some insight into the behavior of the mesh screen when the assumption

n a  << 1 does not apply and the thin—wire approximation breaks down.

Let the screen be in the surface z=O and let the apertures be square

of side length h and centered at (x = (in + l/2)a , y (n + 1/2)a) for

• 
—

~~ 
< m,n < ~~ . The geometry is shown in Fig. 5.11. It is well known

(cf., e.g., [20]) that an electrically small aperture in a conducting

screen can be modeled in terms of equivalent electric and magnetic

dipoles. We therefore consider the electromagnetic field radiated by

a planar array of electric and magnetic dipoles in free space located

at (x = (m-4-l/2)a , y = (n+1/2)a , z’°O). The electric and magnetic

dipole moments are assumed to be given by
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—jk a(m+l/2)
= ma + a/2 , y = na + a/2) — p~~~~~e 

xo

. e

_
yoa~~

1
~~

2) (5.87a)

— — _ik~0
a(nrFl/2)_jk 

0
a(n+l/2)

p~ (x=ma+a /2 , y = na+a/2) p~0
e

(5.87b)

in which 
~e 

denotes the electric dipole moment and 
~ 

denotes the magnetic

dipole moment. p and p are constants; furthermore p = p a +eoz mo mo mo x x
p• moy y

When the period of the array a is very small in comparison to the

free—space wavelength, the radiated electric field is easily shown to be

k p —jk x — jk y — jk z (5.88a)• . 1 xo eoz xo yo 20
— p  )e

j  x 2 wc moy2a o

k p -jk x — j k y- j k  z
4 E = 

1 yo eoz 
+ 

~ 
)e xo )~O 20 

(5.88b)• 
- 

I y 2 t~)C IflOX2a o

-jk x-jk y—jk z
E = [k p — k — ~ (k~ + k2 )]e X0 }~O 20
Z 2

2
k 

xo moy yo mox 2wc
0 xo yo

(5.88c)

in the region z > 0; also, k~0 
= k~ 

— k20 
— k

2
.

Now the dipole moments p and p are given in tennis of the fieldseoz mo

E 0 and which would exist in the plane z0 if the apertures were

• closed by the relations

~eoz 
= j~ c a E  (5.89~)

1 
= —jw~~a ~to 

(5.89b)

• in which °e and a denote respectively the electric and magnetic p lariz—
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~TIlitIIpIeiTIIITalcula;ed thesIaI1
abilities; his results are

a /a3 = 
0.114 (h/a)3 

(5.90a)e 
~ + O.l04(h/a)

a /a3 = 
0.260 (h/a)3 

(5.90b)
1 — 0.l85(h/a)

Let us now assume that a perpendicularly polarized plane wave is

incident upon the perforated screen from the region z<0. Then E and

are given by

• E = E ’ = 0  (5.9la)zo zo

—2E’cos0
ii = = — ° (~ cos~ + ~ sin$) (5.91b)to to x y

in which E~, denotes the electric field amplitude in the incident wave;

furthermore, k = k sinG cost, k = k sinO sin+, and k = k cosO , inxO 0 ~~0 0 ZO 0

which 8 and 4 are the incidence angles. The transmitted electric field

• amplitude is now easily shown to be

E~ = jk acosO (a /a3)E’ (5.92)

When a parallel—polarized plane wave is incident upon the screen,

the f ields E and ii are

E = E” = —2E” sinG (5.93a)

2E”
— = —

~~~ 
(—

~~ sin+ + 
~ 

cos$) (5.93b)

where E” denotes the electric field amplitude in the incident wave. The

- transmitted electric field amplitude is

~
‘
t~rans jk a  secB(a /a3)[l — (a )sin2OJE” (5.94)
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Now let us compare the expressions given in eqs. (5.92) and (5.94)

with those obtained for the electric field transmitted through a perfectiy

conducting wire mesh screen, in the low—frequency limit. We have, from

• the results obtained in the previous paragraph.

E~ jk a  cosO £n(l — e
2
~~~

1’a
)~~ E~ (5.95a)

jk a secO I £n (l — e
_2
~~

’a)~~ (l — i sin2e)E” (5.95b)
trans o ii 2 o

Examining eqs. (5.92) and (5.95a) for E
~rans~ 

we see that the expressions

~ 9~n(l~e
2 ~ay.l and a/a3 (cf. eq. (5.90b)) are to be compared. We

shall compare them on the basis of equal optical coverage by letting

h = a—2r. The two exp,•essions are shown as functions of r/a in Fig.

5.12. The wire—mesh model factor is always larger than the perforated—

screen factor; th.~ former is accurate in the limit r/a + 0, and the

latter is accurate in the limit r/a ÷ 0.5. It is clear that the wire

mesh model overestimates the transmitted field amplitude, and therefore

underestimates the induced currents on the screen, for values of r/a

which are not very small in comparison to unity.

Examining eqs. (5.94) and (5.95b) for E
~rang~ 

we see that the relevant

comparison is between the constant factor 0.5 for the wire—mesh model and

the ratio a ía for the perforated—screen model. This ratio is shown ase m

a function of n a in Fig. 5.13. It is apparent that the mesh model
overestimates the importance of the “sin

2
O” term in the transmission

coefficient for parallel—polarized fields. The reason for this is probably

the use of the thin—wire approximation in the analysis of the mesh model.

In effect, the equivalent permittivity of the mesh for electric fields

• normal to the plane of the mesh, caused by induced line dipole moments

on the wires, has been ignored. It is clear from our earlier analysis
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Figure 5.13. ne/nm vs. n a ; the constant value 0.5 is also

explicitly shown
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-~ of the effect of a dielectric environment on the wire mesh that including

these line dipole moments would decrease the coefficient of the “sin28”

term and thereby improve the accuracy of our approximate solution for

the sheet impedance operator 2 . This aspect of the problem would seem

worthy of further study.

J
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7. NUMERICAL COMPUTATION OF GRID CURRENTS

The equations (5.37) and (5.40) can be solved for the modified

• current harmonics I’ and I ’ by means of the procedure outlined in this• yn

paragraph. We begin by substituting eq. (5.37) into eq. (5.40), thereby

• eliminating the variable t~ from further consideration and yielding

~ (U 6 + P k )I ’ + ~~ (V - P k )j’ = R ~ 
(5.95a)

•

• 

in inn 2 m xii xii • mu 2 m yn yn o inn — ~
~ (X — ~~~~~~~~ Q~k )I ’ + ~ (W 8 + ~~~~~~~~ Q k )I ’ = S 6 (5.95b)

nm 2 xii ~m in mu 2 in yn yn o in

as the coupled sets of equations for I’ and I ’ - Also,xn yn
J 2 2  2 2k b  k a

q = [~ ~
4 +  -~~~~~~ 

) + 
~4+ ~ )]

~
l (5.96)

• Now define matrices N , N , N , and N ~uch thatxx xy yx yy

(N ) = U 6 ÷ ~~
-
~
--

~~ P k (5.97a)
• xx mn m mii 2 m x n

(~ ) 
= V — ~~~~~~~ P k (5.97b)

xy mn mu 2 m y n

• (N ) = X — 
~~~~~~~~ 0 k (5.97c)

yx mn urn 2 ‘m x n

• 
(M
~~
)mu = W

m
6mu + ‘F Qmkyn (5 .97 d )

• • and let I’ and I’ denote the modified space harmonic current vectors.

Finally, let 
~ 

and denote the “driving” vectors; these each possess only

a single nonzero element. Then the coupled equations (5.95) may he written

• + • 

~;•

= 

~o 
(5.98a)

N • P + ~ • I’ = (5 98b )

• -
~~~~ 

-_I 
- -  

•

~- II~~~~ -~~ .__•, ~ . 4,

• r. ~~~~~~~ ~~~~~~~~~~~~~~~~ •_____
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This system is readily solved for P and I’ . We obtain
• • - x y

• I’ N — N ‘ (5 .99a)x xr a xs 0

I’ = N R — N • (5.99b)
y yr o ys o

where

• = (~~l ~ — ~—l • ~~ )~
•~l . ~—l (5.lOOa)xr xy xx yy yx

= ~~—l • — ~~1 • jj )—l • ~~l (5.lOOb )
xs xy xx yy yx yy

N = (W L 
~ _ W i • i ~ )~~ • iP’ (5 .lOOc)

j yr xx icy yx yy xx

= -l = -l -lN = (N • M — M • M ) • M (5.lOOd)ys xx xy yx yy yx

and the solution is formally complete. ~ can now be calculated using

eq. (5.37).

The calculation of the grid impedance Z
g 
defined in eq. (5.52) is

straightforward. We readily obtain

1 =  — —l

D 
( N )  — * ~~xs~oo

Z = (5.101)g 
!(~ _ I (~a yr oo a ys oo

• Now using eq. (5.53), we may calculate the equivalent sheet impedance Z5.

The efficient numerical evaluation of the matrix elements defined in

eq. (5.97) has already been discussed (cf. eqs. (5.42) and (5.43)).

• We have calculated the elgenvalues of the equivalent sheet impedance

operator as a function of N, the number of modified space harmonics
• 

included in and (note that N 1,3,5,...), for the case dla 1,
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b/a — 1, n a = 0.01, c = ~~~~~~ = ~~, o a 60°, where • — 0° and 45° 
-

and ka = 1.0 and 0.1. The results of these computations are shown in

• Figs. 5.14—5.17 , in which values of X ’ and X” (Z ‘ = jX ‘ ) are
S 5 S 5

plotted vs. N. The rapid convergence of and X~ with increasing N

is evident (note, however, that in the • = 450 cases this is not at

all surprising, since there is no discontinuity in the junction currents

when 4 = 450 , 1350 , 225° , or 315°, by symmetry). The use of the N=l

case to derive an analytical approximation for when k
0
a << 1 is

justified by the rapidity of convergence apparent in Figs. 5.16 and
• 

5.l7 fo r k a = O . l t.o

‘-I

tNote that for typical mesh dimensions the maximum value of k0a occurring
• in the EMP frequency range is of order iO 3.
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n a  = 0.01, a~ = ~~, 0 = 60°, 4 = 0°, ka = 1.0
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SECTION VI

CYLINDRICAL WIRE—MESH COMPOSITE SHIELDS

• 1. INTRODUCTION

In this section we shall consider the interaction of a plane elec-

tromagnetic wave with an inf initely long cylindrical shell of wire—mesh

composite. As in Section IV, we shall consider only the cases in which

the propagation vector of the incident wave has no component along the

cylinder axis .

In the next paragraph, the problem is formulated in the frequency

domain using the equivalent sheet impedance developed in the previous

- • j  section to describe the screen in the surface of the composite shell.

• Some representative frequency—domain results are presented. In paragraph

- - 
- 3, we briefly consider the transient behavior of the internal magnetic

f ield when the circumf erence of the cylinder is small in comparison to

the wavelength over the frequency range of interest and the temporal

behavior of the incident wave is that of the standard ~4P signal.

i
i
-

2. FORMULATION OF THE PROBLEM

The geometry of the problem is shown in Fig. 6.1. An infinitely

long cylindrical shell of wire—mesh composite of inner and outer radii

a and b respectively is illuminated by a plane electromagnetic wave.

The medium inside and outside the shell is free space and the shell

thickness d — b — a is small in comparison to the mean radius 1~~. - •

The side of the wire—mesh composite in which the grid is embedded is

the outer surf ace of the cylinder. For simplicity we shall again consider

• only the case in which the incident wave’s propagation vector has no

axial component, and we shall investigate the two possible wave polarizations

seuarately. The total fields may then he obtained by superposition.
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The shell itself is modeled as an equivalent sheet Impedance, based

• on the results obtained for the planar case in the previous section.

We shall denote the mean shell radius by p .  Z~, which, as will be

• 
. recalled, depends upon the transverse propagation constant, will be

denoted Z n 
for each angular eigenfunction in the field expansion, and

2
k
2 = k 2 — a—- (6.1)to ton 2p0

Consider first the case in which the incident electromagnetic wave

is polarized TM with respect to z. In this case, the field components are

E = —jwu0~Y (6.2a)

H —  -
~~~~

- ‘6 2b’J 4 , 3 p  ‘ ‘ I

H = —
~~~~

-
~ (6.2c)

where

0 < p < p :  ~Y = 
JWii

O fl~~~~ 

AnJn
(k
o
p)e~

n($_$ ) (6.3a)

-E
c > p :  ‘l~ = -

~~

---

~~

—- 
~ [J (k p ) + B~H~

Z) (k
0p)1e

i
~
L
~~

_+ ) 
(6.3b)

A and B are to be determined, E is the electric field amplitude ofn n 0

o the incident wave, and 4,’ = 4, + n/2, where 4, is the angle of incidence

as shown in Fig. 6.1. The appropriate Z
5 

for this polarization is Z’.

Now the boundary conditions at p— p 0 are applied. We have

E2 (p = p — )  — E ( p  = p + )  = E ( p  = p )  (6.4e)

H
4,
(P — p+) — }I

4,
(p — p — ) — (Z~)~~ E ( P — P )  

• 

(6.4b)

123

• _ • l••~~~~~
• .‘•

~•

• — —-
~~~~ 

- 
- - . 

- — 

~~-...• .:. :;; — -  .•. .
-• -•—•- ~ -•.•.•—— ——- •-•—- 

4~
•
~
-_ -_ •—• _ ••— 

.
‘ —.—

~~~~~
——• . 

- S-
~ • • •—~~~~~~~~ -—-~~~~~~_~~~!.. _ ....a •



r.’f ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

‘

from which expressions for A
n and B are readily obtained. We find

• A = 
[1 + wkp 

~0
(Z~) 

Jn
(k
oPo

)H~
2) (k

oPo)J1 
(6.5a)

I 
~ (Z ’) 1

• B = —irk p 0 S J2(k p )A (6.5b)n 0 0  2 n o o n

When the incident wave is polarized TE with respect to z, the field

components are

= jwC~~ (6.6a)

E
4, 

= — (6.6b)

E -
~~~~~~~~~

- (6.6c)

where

E ~ •
0 < p < p :  “ = - 

~ 
A tJ (k p)e3flI:4”•~

$ ) 
(6.7a)

p > p :  ~ = 

~~~~~ 

+ ~~~~~~~~~~~~~~~~~~~~~ (6.7b)

A ’ and B ’ are to be determined. At p = p ,  the boundary conditions to

be applied are

-~ E
4,
(p = p — )  = E

4,
(p = p+) = E

4,
(p = p )  (6.8a)

- H ( p  a p+ ) — H(p = p — )  = — (Z”)~~ E 4, (p = p )  (6.8b)

• in which

I (Z”)~~ E4,
(p) E 

~ 
(Z~~~)~~ E4,~(~0) (6.9)

We find for A ’ and B ’n n
F j• I,

A ’ = + irk p 
n (Z ) 

J~ (k
oPo

)H,~
2)’(k

oPo)J
_1 

(6.lOa)

- 
• 
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n (Z” )
_1 

2B’ = —nk p ° ~~~ [J’(k
0
p )] A’ (6.lOb)

• 
The energy shielding ratios r

~ 
and r~ are given in terms of A~ and

in eqs. (4.12) and (4.20). To obtain expressions for r
~ 

and

appropriate for the screened composite cylindrical shell, An and A~
given in eqs. (6.5a) and (6.l0a) are substituted into eqs. (4.12) and

(4.20) respectively. When ka << 1, approximate expressions for r
~ 
and

r’ are
• w

a<<l ~ 
— jk0p0 n0

(Z~)~~ £n k
o
p
ol

0

- 
n (Z ’)~~ ~

2
1+ Il + jk0p0 

° j_ (6.lla)

i ri0
(Z~ ~)

_l 
—2

• r’ — -( 1 + jk p
w 2~~ 0 0  2k a<<l

0

(Z” 
~~~~ 

—2
• + Ji — 3fl 2k p } (6.llb)

0 0

Curves of r and r ’ as functions of frequency are g4ven for various values

of screen parameters and a cylinder radius p
0 — 1 in in Figs. 6.2 and 6.3.

(a
m, 

rather than a, denotes the mesh size in this section). As in the

• related curves for the graphite shell, we note that unless o~ = ; r -o- 1

and r ’ -~ 0.5 as f ÷ 0. The reason for this behavior, as before, is thatV

r’ contains only a contribution from the internal magnetic field, while

both the internal electric and magnetic f ields contribute to r
~
. Also,

• 
• we have not included curves for r~ in the case Cr = 1; over the frequency

• 
- 

range shown, they are indistinguishable from the curves for the case

C = 4.5.r
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Comparison of Figs. 6.2 and 6.3 with Figs. 4.2—4.7 reveals

that for cylindrical geometries the screened boron—epoxy composite shells

• with a = 1.1 x io6 mho m~~ are comparable to graphite composite shells - •

in shielding effectiveness, while those with a = 3 . 7 2  k 1O 7 mho m 1 are
decidedly superior. The reason for this is that the principal break

frequency , below which the shielding is relatively poor, -1s approximately

l/(-tTu p (lTr2a /a)); and irr2a Ia, which is the equivalent conductivity—

thickness product for the mesh is comparable to a
5
d f or graphite shells

when a a 1.1 x io6 mi~o m
1 , but is significantly larger than Og

d when

a 3.72 x l0~ mho rn
_i
.

I :  V

• Not shown in the r
~ 

and r~ curves is the higher—frequency effect of
2 

the screen inductance. This is apparent in the time—domain internal field

response, which is discussed in the next paragraph.

3. TIME—DOMAIN SHIELDING

The ratio of the internal magnetic field to the incident magnetic

field in the frequency domain is readily shown to be given when k
0
p << 1

by

H. 11

H. 
= [1 + jkp ~~ (Z ’)~~ ]~~ (6.12)

• 
- 

inc
for either polarization. This result does not involve the relative

permittivity of the composite shell at all, since the case in which

the magnetic field is perpendicular to the cylinder axis corresponds

to perpendicular polarization (and Z~ does not involve c), and the

case in which the magnetic f ield is parallel to the cylinder axis

• utilizes only the n=O angular eigenfunction in the low—frequency limit

(and Z” does not involve C ).s,0 r

126

~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -

~~~
. 

~~~~~ 
- —

~

- - -

~~ 

-

~~~~~
- • ~- a s • — - - -,• ••



~~

- _ _ _ _ _  
-!

~~~~~
,-‘..- _--— -

~~~~

n ~~~~~~~~

-•----- —---- - -*— - - • -  . -.

o

-4

. 4

C~;
J .

-t

• D

1

6a l.lx lO

- 3.72x].0
7

D
‘—4

I I I I I IJ I J  F I 1 I 1 1 1 1 J  I I F J I I I J  I I I I I I I I J  I 1 I I I I I J J  J I ILLI• 
0 i01 102 io~ io~ 106

FF~EQUENCY (HZ )
-p

Figure 6.2a. r
~ 

vs. frequency ; a
~ 

= 0.212 mm, r = 0.051 inn, p
0 

= 1 in;
a~~ u1 l .1xiO6 and 3.72 x lO7 mho m 1

F ’ V -

127

- • •~~~~ .~~~•LI•~ ~~~~~ - _ _ .. • • • • • • ~~~~~~~~~~~~~~~ ~~~~ ~~~~~~~~~~~



fl~~~T ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~

D
—4

~ 4,

a O.635 mm

• \ r=O.l27 min

\ p 1m
\ 

0

cv
D

cv)
D

J
D
-4

0 l •1X1O
- w 

7 
_ _ _• 3.72 x 10

‘I,

(0

H
• - I I I I I J I I J  I I 1 1 1 1 1 1 ;  I I I I J I I J J  I I I I  ~~I J  I I 1 1 1 1 1 1 1  I I I I I I ~~

- 101 102 i0~ io~ 106

FREQUENCY (HZ)

Figure 6.2b . r vs. frequency ; a = 0.635 mm, r = 0.127 mm, p = 1 m;
4 W 

6 
m 

7 —la l.lxlO and 3.72 x l 0  mho m

128

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~•. ;  -;.. --;;:. — ~~~~~~~~I 

—



0

-4

a = 0.212 nun

\ \ r 0.O5l mm

\ \ p
0 1m

• 
\ c 4.5C~I r

-i

Ui

i i .

J a = 1 . 1 x 1 06

2 3.72 x 107

In-

D
• -4

(0

D
-

— I I I I I I I~~J I I 1 1 1 1 1 1 1  I I I F I I I I ~ I I J J J I J I J  I I I J I I I J J  I I 1 1 1 1 1

1 01  102  iO~ 10” io~— 0 FREQUENCY (HZ)

- 
Figure 6.3a. r’ vs. frequency ; 5m 

= 0.212 mm, r = 0.051 mm,
I p = i in; a = 1.1 x io6 

and 3.72 x ~~~ mho m~~;
C = 4.5r

:1 
-

129



— - •----- -_•----- •- • — ~~~~~~~~~~~~~~~ — • -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — - -,-•——• —-- - -- -•- 
••  -• -• • - - - -  •— ---—-- -- — ~~~~~~~~~ —

0 
-

-4

D
a = 0.635 mm

r = 0.127 mm

p = l m0
• c’~

j
r

U 
_ _ _a = 1 .lxlO 6w 

7 
_ _ _ _

~~~~
,—. - 3.72 x l0

I I
• • I

x

I cc-
D
‘-4

If )
• 4

2.

D
1 —

I I I I 1 1 1 1 1  J I I I 1 1 1 1 1  I I I I I I  I I J  I I I I I I I ~ I I I I I I  I I J  I I I 1 1 1 1

101 102 io~ 106
• FREQUENCY (HZ)

• Figure 6.3b . r’ vs. frequency ; am 
= 0.635 nun, r — 0.127 mm ,

p = 1 in; a = 1.1 x 106 and 3.72 x 1O~ mho m~~;

- 

• 
• 

C = 4.5. 

-

I
.

130

~~~~ ~~~~~~ ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~



When the screen wires are perfectly conducting , the result in

• eq. (6.12) reduces to

• H , vrp —2irr/a ~—lm t  s o —l m —l(
H 

=~~1 +— t h  (l—e )
inc ~ in

a —2irr/ain m - 1
— 2~n(l — e ) (6.13)

which is a constant, independent of frequency. Thus the time dependence

of the internal magnetic field is identical to that of the incident

f ield , except for a constant attenuation. This behavior is attributable

- 
to the combined “differentiating” effect of the perfect screen and the

• 
- “integrating” effect of the cylindrical geometry.

Another simple result of some interest is obtained if we assume

that Z = R
~ 
over the frequency range of interest, where R

~ 
— (rr 2a

~
)
~~

is the resistance per unit length of the screen wires. In this case, we
• —2irr/a 

—l
• find that vhen (a /,rp )Ln(l—e in) << 1,

H a L  jw+211R /M L• int rn V 0
H up jw + 2R a ~~~ 

(6.14)
inc o wi n  o o

—2-irr/a 
—lin which L denotes 2~n(1—e 

in
) The impulse response of the internal

1 magnetic f ield is therefore approximately given by
4 

a L  2Ra — (2Ra/~i p  )t
Ki~~

(t) = ~~~~~
— 6(t ) + w m  e w m ~ (6.15)

so that the internal f ield response to a standard EMP waveform is

dominated at late times by the slowly decaying exponential function in

the second term in (6.15). More specifically, under standard EMP

- excitation, the internal magnetic field is given by

- 

• 
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a L  2 R a

~o
Hint

(t) ~~~ A[e a
~ — e~~

t] + Af~~~~m) 
~* 

e~~
t 

- ~~~ e~~~]

(2R a — ( 2R a /11 p )t
+ A(1 — -~

) ~ 
~~ 9e “~ ~~ ~ ° (6.16)

a 8

in which we have made use of the fact that (8 and a) >> 2 R a / ~~p in

typical cases. Representative curves of n H j~~
(t) vs. t are shown in

Figs. 6.4 and 6.5 for various values of screen parameters and a

cylinder radius , p = 1 in.

The curves in Figs. 6.4 and 6.5 show very clearly the enhancement

in shielding effectiveness with increasing wire conductivity. In the

curves of Fig. 6.4, for example, the peak value of the internal field

drops from about 0.09 to about 0.005 when a is increased from 1.1 x io6

to 3.72 x ~~~ mho m~~. One will also note the long “tails” of the internal . 

-

field waveforms due to the term in the expression in (6.16) depending

on t as exp(_2R
~
a
~
t/ii0

p
0
).

Comparing the lower-conductivity curves in the two figures, one notes

immediately that the 0.635/0.127 mesh is a better shield than the 0.212/0.051

mesh; this is a consequence of the larger equivalent conductivity—thickness

product of the former configuration. It is also apparent that the

“integrating” effect of the cylindrical geometry has delayed the onset of

the peak signal, in comparison with the planar case (cf. Figs. 5.9 and

• 5.10). Thus the wire conductivity (or, more precisely, the equivalent

• conductivity—thickness product) controls the behavior of the internal

waveform. In the higher—conductivity cases the inductive reactance of

the screen becomes more important : one will notice the peak in the
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response for the 0.635/0.127 mesh near t = 2 x lO~~ sec. This peak is

absent in the response of the 0. 212/0.051 mesh because of its lover

inductive reactance.

Finally, if one compares the responses in Figs. 6.4 and 6.5 with

those in Fig. 4.8 for the graphite composite cylindrical shells’ internal

field, one notes that the peak internal field for the thickest graphite

composite shell is about the same as that for the “worst—case” screened

boron—epoxy composite shell; furthermore, the “best—case” screened boron—

epoxy shell response is lower than that of the thickest graphite shell by

a fac tor of roughly 20. One could conclude from these results that a fine

j  mesh screen made of highly conducting (Al or Cu) wire would be a much better

shield for cylindrical geometries and EMP waveforms than even a thick

graphite laminate.

0
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SECTION VII

CONCLUDING REMARKS

1. SUMMARY AND DISCUSSION

In this report we have considered both the frequency—domain and time—

domain shielding provided by graphite—epoxy and screened boron—epoxy coin—

posite laminates in planar or cyli ndrical geometries, with respect to EMP

signals and spectra. Graphite—epoxy composites have been modeled as

isotropic, homogeneous conducting materials and boron—epoxy composites

as isotropic, homogeneous dielectrics. The screen used in screened

boron—epoxy panels has been modeled under the assumptions that the wire

- junctions are bonded and that the thin—wire approximation applies. These

assumptions may, in fact, not be well—satisfied in practice (the wire

• junctions may be imperfect due to oxidation at the junction points of

overlapping wires and the condition that the wire radius is small in

comparison to the mesh period is not generally well met); however, they

provide a reasonable starting point for analysis and yield conservative

estimates of the mesh shielding effectiveness, since the thin—wire approxi-

mation tends to underestimate the mesh current.

We have developed a boundary connection operator formalism which is

a generalization of the transmission matrix of network theory. Such a

formalism will be useful in dealing with shielding problems involving

bodies of non—separable shape as long as the local radii of curvature are

small in comparison to the shield thickness. The boundary connection

matrix (or “super—matrix”) possesses many interesting properties which

have not been touched on here but which will be the subject of a forth—

coming Interaction Note. The principal utilities of the boundary connection

operator are its generality (in that general multilayer shiel4s with sheet

-

. 
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H
inmiittances between layers are easily described) and the fact that its

use effectively reduces the number of regions which must be considered

- 
in a shielding calculation by at least one.

The transmission of electromagnetic plane waves through planar

- graphite composite laminates is straightforward to analyze, and some useful

approximate formulas for the transmission coefficients of such a struc-

ture have been given. The transmitted time—domain field behaves in a

manner easily understood on the basis of the low—pass filter characteristic

of conducting materials. We have calculated some time—domain curves for

typical cases and have found, for example, that the peak value of the

• electric field transmitted through a 2 mm thick graphite composite panel

is approximately l0~~ of the peak value of the incident field.

Penetration of electromagnetic fields into the interior of cylindrical

shells of graphite composite has been considered. Over the frequency range

which has been of principal interest to us, and for cylinder radii on the

order of 2 in or less, resonance effects are of little importance. Con—

sequently, low—frequency approximations are useful. We have suggested a

new frequency—domain measure of the shielding effectiveness of closed

• surfaces in terms of the time—average electromagnetic energy stored in the

interior of the region, and have given simple formulas for this quantity

for cylindrical bodies. We have also presented representative curves to

illustrate the dependence of this shielding parameter on frequency for

• several typical graphite—composite cylinders, and have pointed out that

the principal “break frequency” below which the shielding is poor is given

• approximately by l/ur1I0ag
d~0

. The time—domain internal magnetic field

- resulting from an incident EMP signal has been calculated for some

137 
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representative cases. Its time dependence can be understood on the basis

of the “low—pass” character of both the composite shell material and the

cylindrical geometry itself. -

The principal difficulty in treating screened boron—epoxy composite

laminates lies in finding an appropriate sheet—immittance description for

th~ screen. We have developed such a description appropriate for the case

where the mesh dimensions are electrically small, and which takes the

presence of the composite panel into account. Our result constitutes an

extension of the classic work of Kontorovich. Using this method of

characterizing the mesh we have addressed the problems of plane—wave

transmission through a planar screened boron—epoxy composite layer and

J penetration into the interior of a cylindrical shell of screened composite

material. We have found that the composite layer itself, except for its

- 
effect on the sheet impedance of the screen, is relatively unimportant

insofar as the shielding behavior of the screened laminate is concerned .

Thus one needs to consider only the sheet impedance, properly modified to

take into account the presence of the composite layer, in the analysis of

shielding problems.

The principal difference between graphite and screened boron—epoxy

composites from a signal—transmission standpoint is that the graphite

composite tends to act as a low—pass or integrating filter, while the

screened boron—epoxy composite behaves as a high—pass or differentiating

filter. Thus the time—domain field transmitted through a planar layer of

- 
screened composite contains a contribution proportional to the derivative

of the input waveform, as a result of the inductive component of the screen

4 impedance. For standard EMP incident signals, this leads to an early—time

138 -
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response dominated by this derivative term, while the later—time response

• is influenced most strongly by the wire conductivity in the mesh.

• 
- The cylindrical screened—composite shell is of particular interest

from an analytical standpoint because the integrating effect of the

cylindrical geometry tends to cancel the differentiating effec t of the

wire—mesh screen. In fact, for an ideal screen with perfectly conducting

wires the internal magnetic field waveform is identical, except for a

reduction in amplitude, to the incident waveshape. For the screen para—

meters which have been considered in this report, it has been shown that

the energy shielding ratio principal break frequency tends to be lower

than that of a comparable graphite composite shell, especially when the

screen wires are highly conductive. Thus the screened boron—epoxy com—

posite shell can be a much better shield than a graphite composite shell as
- 

a consequence of its larger equivalent conductivity—thickness product.

However, we have also noted that the equivalent conductivity—thickness

product alone is not a completely valid descriptor of screened composite

4. panels; it is only useful at low frequencies, or, equivalently, at late

times. At early times the mesh size is the critical parameter, since it

determines the inductance of the sheet. In fact, we have presented
0 

numerical data which indicate that overall, a screen with a smaller

equivalent conductivity—thickness product can be a better shield than

another with a larger product, at least with respect to the incident—field

waveforms considered here. This result suggests the possibility that one

might even design a screen, whose wires have a given conductivity and

4 

which possesses a given amount of metal per unit area, for optimum shielding

• performance against a given incident waveshape.
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2. CONCLUSION

It is clear that while advanced composite laminates are not yet as

effective as, say , aluminum panels in shielding against unwanted penetra—

• tion of electromagnetic fields, they are nonetheless good enough to be used

as aircraft or missile skins without ~1acing an unreasonable burden on

the internal shielding (conduit, ca~1e braids, etc.). This fact, coupled

with the strength and weight advantages of advanced composites, guarantees

¶ the increased future use of these materials, and points up the importance

of continued study both of their intrinsic electrical properties and of

the fundamental electromagnetic boundary—value problems which involve them.

Some suggested problems for future study include the following:

J (a) Integral—equation formulation of scattering problems involving
hollow composite shells, using the boundary connection operator

(b) Singularity Expansion Method (SEM) solutions of transient
• scattering/penetration problems involving ~ollow composite

shells of separable or non—separable shape

(c) Study of effects of imperfect panel—to—panel joints and joints
• between metallic and composite panels

(d) Field penetration through apertures in composite panels

• (e) Continued study of bonded and unbonded wire meshes, including

U 
the effects of linear and nonlinear junction impedance and

• dielectric environments

(f) Canonical problems involving the propagation of surface waves
I on wire meshes, including interactions with nearby conductors;

composite waveguides.
These are only a few of the many problems which come to mind. Advanced

composites provide a solution to many problems because of their great

strength and light weight; but to the electromagnetic theorist and the

• Currently under study by the author.
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engineer concerned with electromagnetic shielding, they are a source of

many future challenges. It is sincerely hoped that this report will

• contribute to an improved understanding of the electromagnetic shielding

behavior of these materials and excite the interest of other investigators

who will continue to study them.

J
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