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9 El_ectromagnetic Pulse Transmission Through a Thin
Sheet of Saturable Ferromagnetic Material

of Infinite Surface Area
- DAVID E. MEREWETHER, MEMBER, IEEE

Abstract—A numerical solution is presented for determining the
<hielding properties of a thin sheet of saturable ferromagnetic ma-

'rial of infinite surface area. Several examples are given to indicate
: behavior of ferromagnetic shields in an intense electromagnetic //‘
e ironment. These examples illustrate that only a few numerical 4
:-.sults are required to determine the electric field transmitted REGION |, REGION REGION
through the material for a given incident pulse of any amplitude. . L 1 7 -

l-‘urromagnom:‘
material

(free space) (free space)

INTRODUCTION

HE SHIELDING action of metallic plates and shells o g

to impinging low-frequency transients has been pre- Incident ficld

. . X . . . ity ——————>

viously considered by Harrison [1]. This type of analysis Transmitted field
indicates that ferromagnetic materials are advantageously / —_— s
employed where shielding against low-frequency fields is Reflected field

needed and much thicker aluminum or copper shields would = ;// /

be required to obtain the same shielding effectiveness. // /
. When the amplitude of the external interference is very L

large, like the electromagnetic disturbance created by a /

nuclear explosion or a lightning flash, the effectiveness of a z
ferromagnetic shield may be reduced because a portion of
the material is driven into saturation.

This paper is concerned with the action of ferromagnetxc
shields in intense electromagnetic fields. The model con-
sidered is the propagation of an intense transient plane
wave through a thin sheet of saturable ferromagnetic Fig. 1. Infinite sheet of ferromagnetic material.
material of infinite surface area.

A classical finite difference technique is used to solve the
appropriate nonlinear diffusion equation for the field dis- »
tribution inside the ferromagnetic sheet. This technique
has previously been applied to a problem involving ferro-
magnetic materials by Poritsky and Butler [2]; the ap- B
plication to the shielding problem is new and the numerical
results obtained are informative.

o
a

ForMuLATION

To simplify the problem somewhat it shall be assumed /
that f(¢), the incident electric field transient (Fig. 1), is a '
causal function, i.e., f(f) = 0if ¢ < 0, and that the direc- Z-{q-=
tions of the b and k vectors coincide while the magnitudes !
are related by a single-valued function (Fig. 2). The mate- p

. Tal then exhibits saturation, but hysteresis has been
% neglected.

Fig. 2. Magnetic characteristics of ferromagnetic material.
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In all three regions of space (Fig. 2) the field components
must satisfy Maxwell’s equations:

ab
VXe——E 1)
7]
VXh=ce+an—te° 2

If the incident electric field is directed along the z axis, the
only nonzero components of the total field are e¢;, ., and
b.. The curl equations reduce to

de ob

o~ Ta (3)
ah de

a—y— —ce—eoat- 4)

For simplicity, the subscripts on the nonzero compo-
nents have been dropped. In regions I and III, ¢ = 0; the
field components are of the form

region I:

elty) = ft — y/o) + gt + y/o),

hty) = ;— U — v/e) — gt + /0l ®)
region III:

ety) = ¢ — @~ /o),

1
hity) = aﬁ (¢t — (y — d)e). (6)
Here {o = V o/ € = 1207 ohms, and cis the ve]dcit-y of light
in free space. The function f is identified as the incident
electric field, g is the unknown reflected electric field, and
ff is the unknown electric field transmitted through the

sheet.
Inside the material, if the displacement current is

neglected, (3) and (4) may be combined into one second-
order equation:

h(, oh(ty)
al;;tzy) = ou(h) ;tt y)

Here p(h) =db/dh.
The boundary conditions that e arfd & must be continu-
ous at the boundary yield from (5) and (6)

e(t,0) + $h(4,0) = 2f()
et,d) — th(t,d) = 0;
or, applying (4),

0<y<d )

@®
@

th(0) — = 2E0 _ o (10)
¢ dy
$oh(td) + % éh—gy’—id) = 0. 1)
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The electric field transmitted through the sheet, which
is of primary interest in the shielding problem, is given by
F() = toh(t,d). The problem reduces to finding an appro-
priate solution of the nonlinear diffusion equation (7) that
satisfies the mixed boundary conditions (10) and (11).

NuUMERICAL SoLUTION

To obtain a numerical solution of (7) with boundary
conditions (10) and (11), a rectangular mesh of points is
introduced into the y-t plane:

yJ=(j—1)Ay» j=1 - J (12)
b=Gk-—-1A, k=12 ..., (13)
Here J is the number of nodes introduced between y = 0
and y = d, the boundaries of the sheet; Ay = d/(J — 1);
and A{ is the selected time increment. The derivatives in
(7), (10), and (11) are replaced by the difference approxi-
mations
hir+r — hp 3 1
At ou(htH) Ayt
j'= 21 3; Yy (J— l) (14)

[h’+lk+l -— 2hjk+l + hj_lt-i—l],

1
2f(ter) = $o*+! + ——2? Ay [3hE+
-— 4]12“'1 + h'k+l] (15)

-1
= ) S Tl E41
0 = Lo/t + 2ty [hs—2

~ 4h, M+ 3k (16)

Here A = h(:,y,). An implicit differencing scheme (back-
ward time differencing) was employed because the differ-
ence equations so obtained are stable for all values of At
and Ay [3]. The value of u used in the calculation was the
value obtained at A +/2= (h* + hjt+1)/2.

Equations (14)-(16) constitute & system of J nonlinear
equations in the unknowns k2**+, 7 = 1, 2, ---, J. Since
f(t) was assumed to be causal, the magnetic field is initially
zero throughout the material, H;! = 0. The solution is
effected by proceeding sequentially through the £, solving
the system of J nonlinear equations for k*+! from the
previously determined values of A*.

When the equations are written in matrix form, every
row of the coefficient matrix has only three elements
centered on a dominate diagonal term. Under these
conditions, the Gauss—Seidel iteration procedure may be
used effectively to obtain an approximate solution to the
system of equations, since the iteration needed to account
for the nonlinear permeability may be incorporated in the
normal iteration of the solution.

ATTENUATION OF HALF-SINE PULsES

To illustrate how saturation affects the shielding action
of a ferromagnetic material, the transient electric field
transmitted through a thin sheet of annealed steel was
considered. The magnetic parameters pum, B,, and k. (Fig. 2)

‘were chosen to be 1.67 X 10—* H/m, 1.53 Wb/m? (15.3
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Fig. 3. Normalized incident electric field pulse,

fA sin 2xfef, 0 <t < 1/2f,
e = \0, otherwise.

kG), and 120 A/m (1.51 Oe), respectively, to approximate
.. the magnetization curve given by Stratton [4]. The conduc-
- tivity o was selected to be 107 mho/m, and the thickness of
_ the sheet ¢ was 0.005 inch (1.26 X 10—* meters). The wave-
form of the incident electric field was a half-sine pulse (Fig.
3). Twenty-one spatial nodes were used in the numerical
calculation, and the time increment A¢ was selected to

yield 400 sample points per half-cycle of the frequency fo.

Three diffcrent values of f, were selected, and for each
. value of , the amplitude 4 of the incident electric field
" “was varied over a wide range. :

For the smallest amplitude considered, 10* V/m, the
process is =ssentially linear; i.e., the transmitted electric
field waveform, normalized by the amplitude A, is almost
identical for all pulses with peak intensity less than 104

. V/m. The result given agrees with predictions obtained

“with the tiieory given by Harrison for a linear medium

- [1 ]- -

" For each value of f; considered, the amplitude 4 was
increased until the entire thickness of the material was
saturated [h* = 2h.,, j = 2,3, ---, (J — 1)] during some
portion of the pulse. During this time interval, the behavior
of the material is again almost linear, and the result given
may be applied to more intense fields. The primary effect
of increasing the amplitude is to widen the interval in
which the material is totally saturated.

Discussion oF RESULTs

" For the lowest ~alue of fo considered (100 Hz) the spec-

- “tral content of the incident field is primarily in the low-
frequency range where, even for the linear material, the
field suffers little attenuation in transversing the thin sheet
of material. The shielding obtained results primarily

_ from the reflection process. The transmitted field in this
case is easily estimated. If the attenuation is small, the
electric field is nearly independent of position within the
material, and the electric field is continuous at y d;
therefore,

e(ty) = (), 0<y<d 17)

Normalized ti aostalited electric field (f1(t)/A)
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Fig. 4. Normalized electric field transmitted through sheet,
f,o = 100 Hz.
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Fig. 5. Normalized electric field transmitted through sheet,
Jo = 1 kHaz.

From (4), neglecting displacement current,

h(ty) = h(1t0) —yo f(t), 0 <y <d. (18)
Evaluating (18) at y d and recalling that f{t) =

Loh(t,d) yields
AGO) = = (1 + ot F) 19)
and, by combining (8), (17), and (19),
_ %0
5O = 57 o (20)

The amplitude predicted by (20) agrees well with the
result given in Fig. 4. The important point here is that

* (20) is independent of u; and, therefore, it is to be expected

that the transmitted field will not be affected by saturation
of the material. The amplitude dependence illustrated in
Fig. 4 shows that the error made in employing (17) to
deduce (20) is small.

For the sccond value of f, considered (1000 Hz) the spec-
tral density of the pulse extends into the frequency range
where the sheet offers significant attenuation at low levels.
Some smoothing of the low-amplitude pulse is apparent
(Fig. 5). As the amplitude is increased, the attenuation is
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Fig. 6. Normalized electric field transmitted through sheet,
fo = 10 kHZ.

reduced and the high-frequency content of the transmitted
field is increased. When the amplitude is large enough that
the material is saturated all the way through the sheet, the
attenuation is very small, and the peak field returns to the
value predicted by (20).

For the final value of f; considered (10 kHz), a significant
amount of attenuation and smoothing of the low-amplitude
pulse is apparent (Fig. 6). For this pulse, a larger amplitude
of the incident field is required to saturate the material
throughout the sheet. The normalized amplitude of the
peak, which occurs during the saturated interval, is lower
than that predicted by (20). This results because the satu-
rated material with x = u, = 1.67 X 10—* H/m-offers
some attenuation at the frequencies contained in this
pulse. For pulses of shorter duration, this attenuation
would be even more significant.

ConcrusionN .

An analysis technique has been presented that will
allow the shielding effectiveness of a nonlinear ferromag-
netic material to be determined. For any given incident
field pulse shape it is possible to describe the behavior of
the material with a few calculations ranging between the
low-level response and the response at very high level
where the shield is totally saturated. :

Although primarily intended for transient response
studies, the procedure given could also be applied to
steady-state phenomena by continuing the calculation
until the field transmitted through the sheet becomes
periodic.

The sample calculations illustrate that short pulses are
heavily attenuated by passing through a thin sheet of
annealed steel. When the pulse amplitude is increased until
the material is saturated throughout the sheet, large re-
ductions in the shielding are observed. Fortunately, the
level needed to saturate the sheet is inversely proportional
to the pulsewidth so that thin sheets of ferromagnetic
material may be used to protect systems against fast
transients.

Most shielding-grade ferromagnetic materials have a
lower saturation flux density than that used in the ex-
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Fig. 7. Normalized transmitted electric field for a damped sine wave
incident field, fo = 1 kHaz.
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amples. Since the amplitude of the field needed to saturate
a sheet of given thickness is directly proportional to the
saturation flux density, the effects illustrated can be ex-
pected to occur at a proportionately lower level.

APPENDIX

Because damped sine waves are often used in experi-
ments where intense electromagnetic environments are
required, the response of a ferromagnetic shield to this
type of incident field is particularly interesting.

In this Appendix, the response of a thin sheet of annealed
steel to a damped sine wave incident field,

f(t) = 1.2678 Ae™" sin 2xfyt

is considered. For low values of f, the attenuation of the
field through the sheet is small; consequently, the trans-
mitted electric field given by (20) is a good approximation
of the field predicted by the numerical solution. Numerical
solutions were obtained for two higher values of fp, 1
kHz and 10 kHz, and for several values of A. Here, as
before, A is the peak value of incident field in volts per
meter. The solutions are shown in Figs. 7 and 8.

For fo = 1 kHz and A = 10* V/m (Fig. 7) the trans-
mitted electric field is similar in shape to the incident elec-
tric field. Larger values of 4 result in a shorter delay time
through the material and in more distortion of the wave-

form. For A = 10° V/m, the material saturates throughout
the sheet during each of several half cycles. It is interesting
to note that on each successive half-cycle the delay time is
a little longer since the incident field is smaller.

For fy = 10 kHz (Fig. 8), a different situation results:
for low levels, the transmitted electric field does not re-
semble the incident field transient. This results because the
sheet offers a large amount of attenuation at frequencies
near f,, and very little attenuation at low frequencics.
Consequently, a filtered form of the incident field pulse is
observed on the other side of the sheet. Again, as the am-
plitude of the incident electric field pulse is increased, the
delay time is reduced and the high-frequency content of
the transmitted pulse increases. However, it is not until
the material is saturated all the way through the sheet
during some portion of a half-cycle that the transmitted
field begins to resemble the incident pulse.
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