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Abstract

In an EMP source region the interaction process is rather
complex because of the presence of source currents and a time-
varying and nonlinear medium. The most basic electromagnetic
interaction processes for electrically small objects are their
electric and magnetic dipole characteristics. Associated with
such dlpoles+are four basic elecfromagnetic gquantitieg: mag-
netic field H, voltage density 9B/3t, electric field E, and to-
tal current density which can be conveniently separated into a
source current density Jc and an electric-field-associated cur-
rent density Je. All of these quantltles are important for the
lowest order kinds of EMP interaction, i.e. dipole interaction.
All of these should be specified for an EMP environment specifi-
cation, and all their important features should be included in
the specification. Certain other secondary quantities such as
ccnductivity and ionization rate as well as other features of
the nuclear radiation should also be specified. Going beyond
the simple dipole model one can study detailed interaction in
EMP source regions by means of canonical problems involving sim-
plified object geometries which retain varicus important fea-
tures of the geometries of real objects of interest.
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I. Introduction

. The consideration of electromagnetic interaction with ob-

' jects can be quite complex if highly accurate solutions are
sought. At least in principle and often in practice one can
solve Maxwell's equations with appropriate mathematical con-
straints such as boundary conditions and radiation condition at
infinity etc., or with numerical approaches cne can solve Max-
well's equations to arbitrary precision. However, one must
specify various mathematical conditions into Maxwell's equations
such as the constitutive relations involving permittivity and
permeability, and perhaps the conductivity and other physical
laws relating charge motion to other electromagnetic quantities.
In general one does not normally know these relationships ex-
actly and so various approximate relationships are used. Some-
times approximate relationships of this type are used merely to

- simplify the mathematics. Thus for some applications one may
purposely carefully choose the geometry, the materials, and any
other relevant electromagnetic parameters frcm the point of view
of having the electromagnetic characteristics of the device in
question well known to high accuracy over some frequency range
and/or time window of interest. Examples of such objects can
include sensors for measuring electromagnetic quantities (fields,
currents, etc.) or devices for producing controlled and accu-
-rately known field distributions etc. for calibration and/or
other experimental purposes. .

Not all electromagnetic gquestions of interest involve de-
vices chosen for their accurately known electromagnetic charac-
teristics. Often one 1s concerned with understanding the elec-
tromagnetic response of some structure which has been designed
for some other kinds of characteristics; this typically makes
the electromagnetic response more difficult to calculate. How-
ever, one can usually make rough approximations o describe the
electromagnetic performance of the object. Such approximations
may be adequate for the purpose at hand or may serve as a first
step toward a more accurate calculation of the electromacnetic

response.

In what is generally termed the interaction problem one is
concerned with a quantitative understanding of the mechanisms by
which the nuclear electromagnetic pulse produces currents, volt-
ages, etc. on objects of interest such as missiles, aircraft,
ships, buildings, etc. In thinking about this interaction it is
useful to consider first the total system cecometry as one big
antenna on which currents will flow in response to the electro-
magnetic pulse. This consideration can be refined to second
take account of some of the details of the system geomet®.y such
as deliberate antennas, apertures, distributicn of current in

1. Rationalized MKSA units are used throughout.



cabling, etc. so as to understand the response characteristics
of these parts of the system in an environment which includes
not only the incident electromagnetic pulse (defined in some ap-
propriate sense) but also the electromagnetic environment pro-
duced in the vicinity of the part of the system being considered
by the presence of the total system geometry in the incident
electromagnetic pulse.

In trying to quantitatively understand the system interac-
tion with the EMP it is useful to have some simple models that
approximately describe the principal interaction mechanisms.
Such mathematical models can be used to quickly estimate the
magnitude of the electromagnetic coupling. Furthermore such
models give one some insight into how to divide up the system
interaction problem into various appropriate subproblems.

In considering the system interaction one must have some
knowledge of the EMP environment. But just what is this environ-
ment? There are lots of parameters one might call the EMP envi-
ronment. But will just any old parameters suffice? Clearly
those features of the electromagnetic environment which are di-
rectly related to the response of the various kinds of systems
of interest should be included in any general specification of
the EMP environment. This brings one back to the simple inter-
action models for describing some of the principal interaction
mechanisms; such approximate mathematical models directly include
various parameters of the EMP environment and these parameters
should then be included in environment specifications.

In many cases one is concerned with electromagnetic inter-
action in a medium where there are no sources and no conductiv-
ity; this medium can also typically be characterized as free
space. Much work has been done in solving electromagnetic
boundary value problems relating to electromagnetic interaction
with systems for such cases, typically using some kind of plane
wave excitation. For such free space questions one can obtain
much detailed information regarding interaction modes such as
resonances, aperture penetrations, shielding, etc. The results
may be functions of polarization, angle of incidence, pulse
width, etc. However, one should not think that these detailed
characteristics carry over exactly to all interaction problems
of interest. Specifically there are many cases when the system
is in a conducting medium, such as in the earth for example. As
another example this conducting medium may be ionized air in the
nuclear source region so that the conductivity is rapidly chang-
ing as a function of time; the medium is also nonlinear because
the electron mobility is a function of the electric field. Fur-
thermore there is a large compton current density in the medium.
The nuclear source region is quite different from the case of
free space with say plane wave incidence.



Not only are the electromagnetic parameters in the nuclear
source region different from those in free space in the sense of
what is there in the absence of the system. In addition the in-~-
teraction of the system or object of interest with this electro-
magnetic distribution is in general different. If one is to
understand interaction in a nuclear source region then one
should go back to electromagnetic fundamentals and include all
the essential electromagnetic characteristics of the medium.

Starting from electromagnetic fundamentals one can derive
simple models for electromagnetic interaction applying to the
nuclear source region as well as free space. Specifically we
consider the low frequency limiting forms of interaction with
simple objects which are basically the electric and magnetic di-
pole types of interaction. This requires that skin depths or
radian wavelengths be larger than the object and so this type of
model does not apply for all frequencies. However it can typ-
ically apply over a large band of frequencies of interest.

In this note we start from Maxwell's equations and other
related equations and identify various terms that naturally come
out of these equations. Then looking at the simple dipole in-
teraction models the various relevant terms are identified here
as well and are found to correspond with those identified in
Maxwell's equations. These features then form a basis for cate-
gorizing the environment. Such a categorization does not solve
all the kinds of questions one may ask with regard to interac-
tion in a nuclear source region. However, it is a start and
provides a rational basis for thinking about such a complex en-

vironment.

The dipole model is limited in a few respects. For the
electric dipole the medium nonlinearities are not completely in-
cluded in the linear equivalent circuit and this introduces some
errors, but the results are still very approximately correct and
give the trend of things. Furthermore the dipole model is a low
frequency model and the highest frequency for which the model is
valid depends on the object size and the medium conductivity.
This limited range of validity is offset on the other hand by
the simplicity and generality of the results.

Having a first order view of the environment and its asso-
ciated interaction with objects of interest one can then go on
to consider other cases, basically those involving electrically
large objects. Some general forms of such objects can be pro-
fitably considered because of their applicability to many real
objects of interest; some of these are pointed out. Thus based
on a consideration of the physics of the environment and its in-
teraction with objects one can formulate a set of quantities
which are needed for an environment specification, particularly
as it applies to the nuclear source region. Combining this ap-
proach with some detailed solutions of interaction problems at




high frequencies and/or including nonlinearities applying to
typical geometries of interest in nuclear source regions one can
get a somewhat comprehensive view of EMP interaction in nuclear
source regions.

II. Important Quantities as Viewed from the EMP Environment
in a Nuclear Source Region

The nuclear source region for the electromagnetic pulse has
some important electromagnetic properties which are quite dif-
ferent from those outside the source region. In the source re-
gion there is a source current density of high energy electrons
which are produced from high energy photons (y rays, X rays) for
the most part through the compton scatter process and to some
extent by the photoelectric and pair production processes in the
air or any other material that happens to be present. There is
also a time changing air conductivity which is a function also
of the local electric field making the problem nonlinear. This
conductivity comes about because the high energy electrons ion-
ize the air in the process of slowing down. Not only does the
air become conducting. The soil, rock, etc. can have their con-
ductivities changed (and in principle their permittivities as
well) and various nonconducting objects (dielectric insulators,
etc.) that are of concern as parts of systems of interest can be
made somewhat conducting as well. The nuclear source region is
then quite different from an ordinary situation involving elec-
tromagnetic interaction and scattering. There can be direct
deposition of charge on objects because of the compton current
density and the air conductivity allows conduction currents to
flow onto objects. These additional processes are an essential
part of the nuclear EMP environment in the nuclear source region
and as such should be an essential part of the environment de-
scription and specification.

EMP source regions come in several different geometries de-
pending on the relative positions of the bomb, the atmosphere,
the ground or water surface, and the object (or system) with
which the EMP interaction is being considered. Figure 1 shows
several cases of EMP source regions that one can consider. Fig-
ure 1A shows the case of a near surface burst with a source re-
gion which is roughly hemispherical above the ground but which
also penetrates into the ground somewhat because of the non zero
mean free path of the high energy photons in the ground. This
case also applies to a nuclear burst over water as well as
ground. A system required to survive in this environment might
be located above, at, or below the ground surface, Typical sys-
tems of interest for this case would be near the ground surface,
perhaps partly above and partly below. Examples of such systems
might include missile launch facilities 'and command, control,
and communication (C3) centers which are somewhat mechanically
hardened. Figure 1B shows the case of an air burst with a
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roughly spherical source region which does not reach to the
ground. An example of a system in such a source region might be
a reentry vehicle under attack by an interceptor missile. Fig-
ure 1C shows the case of what is commonly termed a high altitude
burst where the nuclear source region of interest is in the up-
pér atmosphere below the burst altitude. The source region geom-
etry is shaped something like an oblate spheriod but somewhat
distorted. In this type of nuclear source region the earth's
magnetic field plays a significant role in turning the current
density (Jc) of high energy electrons, making for a large radi-
ated pulse below the source region. Inside this kind of source
region one might be considering systems such as missiles being
launched upwards or reentry vehicles coming down into the atmos-
phere.

In Figure 1D we have the case with both the nuclear burst
and system of interest outside of the atmosphere and with no
significant atmosphere or other matter intervening between the
two. With no significant atmosphere around the system the EMP
generation here is quite different from the more "classical"
cases such as shown in figures 1A through 1C. Here the high en-
ergy electrons are produced only by the direct interaction of
the high energy photons with the system itself. These high en-
ergy electrons knocked off the system generate fields outside
the system and make currents flow on the system in a rather com-
plicated situation depending on the details of the system geom-
etry, spectrum of the emitted electrons, etc. An example of a
system where such source region consideration is appropriate is
a satellite. This external system~generated EMP is guite differ-
ent from the case in an atmospheric source region because of the
absence of the air conductivity and the inclusion of a compli-
cated electron dynamics problem for the electron cloud around
the system acting under the influence of the EMP fields. This
type of EMP situation is similar in some respects to what is
termed the internal EMP. In both cases the presence of the sys-
tem is fundamental to the generation of the EMP. One might call
these cases by a common name of system generated EMP, either ex-
ternal or internal for the two cases separately. The considera-
tions in this note have some bearing on the system generated EMP.
However beyond the incident photon flux, things like the fields
cannot be specified in the sense of an incident environment be-
cause they are generated by the system geometry and as such vary
from system to system. For such cases the incident nuclear ra-
diation is the environment to be specified.

In this note we concentrate on the general characteristics
of the EMP environment as generated in the atmosphere and apply-
ing to the cases shown in figures 1A, 1B, and 1C. This environ-
ment is to be something produced in the absence of the system,
but which directly applies to the interaction of the EMP with
the system. For the case of system generated EMP the presence
of the system is essential for the generation of any EMP of



interest. This applies to any internal EMP as well as the ex-
ample in figure 1lD. While an incident EMP environment does not
apply for such cases of system generated EMP, still some of the
concepts discussed here for source region interaction apply to
system generated EMP. The amount of current knocked off an exo-
atmospheric system is related to its area and various parts of
the system can be viewed as electric and magnetic dipoles which
respond in the electromagnetic environment generated by the pho-
ton interaction with the total system geometry. Of course there
is not an air conductivity but some kind of electron cloud in
the absence of an ambient air medium and this considerably com-~
plicates the interaction problem as far as describing the prop-
erties of the medium in which the various parts of the system
are immersed. In this note the medium is simply viewed as a
conducting dielectric which does not apply to some of the system

generated EMP guestions.

Having considered some examples of source region geometries
let us briefly consider what is meant by the EMP source region
in the atmosphere, soil, etc. (in the absence of the system).
This is defined as that place_ where the nuclear radiation in-
duced source current density J¢ and/or conductivity or conductiv-
ity increase is significant. To quantify the meaning of signif-
icant one can compare these quantities to other electromagnetic
quantities which are present for their relative magnitudes. The
source current depsity Jc can be compared to the displagement
current density 9D/3t or a conduction current density 0E for a
non radiation induced conductivity as in the case of soil or sea
water. The nuclear induced conduyctivity can be considered in
the conduction current density OE as in the ajir and compared to
the associated displacement current density 9D/dt. Where equal-
ity between the compared quantities approximately holds can be
considered as the source region boundary, generally a rather in-
distinct boundary. This is further complicated by the fact that
the various electromagnetic quantities have various time histo-
ries, or if one prefers various Fourier transforms. Thus one
might compare peak values, rise time, pulse widths, etc. in the
time domain and/or characteristics of the Fourier transformed
waveforms over various frequency bands. The EMP source region
is then only a rough concept, but one which has use in identify-
ing the presence of some additional distinctive featurgs of the
environment. Note that the nuclear radiation induced J¢ and ¢
are additional features of the environment. 8o a general con-
sideration of the EMP environment can also be structured so as
to include the case that the nuclear radiation induced quantities
Jc and o are negligible as a subset of the more general problem.

In considering the EMP source region environment the start-
ing point is of course Maxwell's equations which we write in the

form
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where Et is the total current density defined as
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where the displacement current density is

>
J =

d (3)
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having units Qf amps/meter2. For an EMP source region the cur-
rent density J is conveniently split into two terms as

3=3c+cE (4)

where Ec is often called the compton current density but is more
generally the current density of high energy electrons produced
by any process from the nuclear radiation. Another term intro-
duced is the conductivity o which in the case of the air is pro-
duced by the ionization associated with the slowing down of the
high energy electrons. For some media such as soil the conduc-
tivity is already present but may be altered by the high energy
electrons. The conductivity is further complicated by being a
function of the electric field (at least in air) making the
problem nonlinear. Furthermore the conductivity can be somewhat
anisotropic as in the case of the ionosphere giving ¢ matrix
characteristics. The conduction current density is

30 = oF (5)

which is referred to as Ohm's law. For convenience we define

-> _3 +
Je - T0

(6)

18y

This is the current density which flows in response to the eleg-
tric field and which together with the source current density J¢
gives the total current density as



- > >
Jt = Jc + Je : (7)

Besides Maxwell's equations and Ohm's law we need the con-
stitutive relations

>

D = eB
(8)

>

-
B uH

Typically the permeability u is approximately ug, the permeabil-
ity of free space. The permittivity € may be approximately the
permittivity of free space €o as in the case of sea-level air,
even though ionized, because of the very large collision fre-
guency of the conduction electrons. However, in soil the per-
mittivity will differ from that of free space, and in the ion-
osphere the plasma there also alters the permittivity making it
somewhat anisotropic with matrix properties. Of course any
change in € away from eo is associated with charge motion in the
medium and it is only a matter of convenience whether one in-
cludes this current density in € in the displacement current
density or in o in the conduction current density. Rewriting
equations 5, 6, and 8 for an assumed time independent scalar ¢

we have

> 3
Je = (0’ + € F)E (%)

showing the somewhat interchangeable roles of ¢ and € in relat-
ing E to Je. For simplicity the forms of ¢ and € as in equation
% (and similarly for the permeability u) will be retained
throughout this note. Note, however, that ¢, €, and u can have
more general forms which alter the forms of some of the equations
somewhat, but do not alter the basic discussion in this note.

One of the source parameters, the source current density Ec,
comes directly from the nuclear radiation and is basically the
source term in Maxwell's equations. In some cases, however, it
is also affected by the EMP fields making the source term some-
what nonlinear. On the other hand while the nuclear radiation
induced conductivity is generated from the radiation source it
also decays so that in the case of air a set of differential
equations (the "air chemistry" equations) is used to describe
the densities of charge carriers typically as

on _ -
IE = Se van arN+n

10



oN (10)

which relate the electron density n, position ion density N,,
and negative ion density N-. The nuclear radiation source in
these equations is Se (meter—3s-1l) giving the temporal and spa-
tial generation rate for electron-ion pairs. The electron at-
tachment rate to neutral oxygen molecules vy (about 108 s-1 at
sea level) is an important loss term for the electron density.
Also included in equations 10 are an electron-ion recombination
coefficient ar and an ion-ion recombination coefficient aj.
Equations 10 are only approximate and are a gross simplification
of the atomic physics processes occurring in ionized air. Never-
theless they do point out the term Seg which represents the nu-
clear radiation input to the air conductivity. To find the air
conductivity one uses

o=eh%n+;hN + u_N_] (11)

+

where e is the magnitude of the electron charge and the sub-
scripted us are the mobilities of the corresponding charge car-
riers. Since the electron mobility ue is a strong function of
the electric field magnitude for electric fields of interest
then the air conductivity introduces a significant nonlinearity
into Maxwell's equations in the source region. Note that equa-
tion 1l is not strictly accurate in some cases such as at high
altitudes where the charge carrier motion can be significantly
affected by the earth's magnetic field and the EMP fields intro-
ducing both matrix and nonlinear characteristics into the mobil-
ities and thus into the air conductivity. Again note that ¢ and
€ can both be considered as being affected by the presence of
electron and ion densities; o and € can then be considered to-
gether as being altered by the nuclear ionization rate Se so
that Se can be thought of as the sourge term for the relation
(generally nonlinear) between Je and E as in equation 9 or more
general relation replacing it.

Now let's start to form some general picture of the basic
quantities of the EMP environment. This picture, at a minimum,
includes Maxwell's, equations, the electromagnetic properties of
the media of interest as contained in the constitutive relations
and Ohm's law, and the nuclear source terms as in the source
current density and in the ionization rate and the resulting
conductivity and permittivity. These gquantities and their inter-
relationships are represented in a diagram in figure 2. There
are four basic types of electromagnetic quantities in this

11
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diagram linked together by four equations: two Maxwell equations
and two constitutive equations (with 0 included with € in one
equation). The four basic electromagnetic quantities have units
formed by taking one of the two quantities volts and amperes and
combining them by multiplication with one of the two gquantities
meter-l and meter~2. These four electromagnetic quantities are
directly related to the electrical circuit quantities voltage
and current, but on a per unit length or per unit area basis as
is appropriate for distributed electromagnetic field gquantities.
This units feature is significant because in considering the
lowest order interaction mechanisms in the next section these
four quantities are the gquantities intercepted by electric and
magnetic dipoles for their open circuit voltage or short circuit
current.

The four bagic electromagnetic quantities are first a total
current density Jt which for an EMP source region has a source
current density Jc and an electrig-field-associated current den-
sity Je, second a magnetic field H, third a time rate of change
of a magnetic field (or magnetic flux density) IB/3t which might
be called a voltage density and given its own symbol, say W
(units V/m2 (the same as T/s) in direct analogy to current den-
sity), and fourth an electric field %. Together these four
quantities form what might be called the electromagnetic cycle.
Each of the terms is related to its two nearest neighbors in the
cycle by an equation (a Maxwell equation in one case and a con-
stitutive equation in the other). In many circumstances this
cycle is self sustaining as, for example, in the case of elec-
tromagnetic wave propagation in free space. In an EMP source
region, however, the conductivity makes the medium absorb elec-
tromagnetic energy. On the other hand this is offset by the
generation of electromagnetic energy associated with the source
current density.

Thus our electromagnetic cycle is connected to the nuclear
radiation at two positions around the cycle, introducing a source
term as well as loss into the cycle. As shown in figure 2 th%
source current density enters the cycle at the_ same place as Ce
but only appears in one of the equations with Je. This is some-
what nongymmetric but this difference is important in differen-
tiating Je and J¢ as separate parts of J+, each with its own im-
portant features. Another nonsymmetric feature is the introduc-
tion of radiation induced conductivity in one of the constitu-
tive equations without introducing a comparable magnetic conduc-
tivity term in the other constitutive equation. This asymmetry
is due to the lack of known magnetic charge and associated mag-
netic current in the material universe. The permeability u can
have an energy loss characteristic (as in hysteresis for example)
but u is still associated with the motion of electric charge.
For present purposes, as in the diagram in figure 2, the permea-
bility is assumed a simple scalar which can be moved through the
time derivative, just like &. Note .that charge motion is

13



affected by both electric and magnetic fields as in the Lorentz
force law .

po

F = q[E + v x B] (12)

where F is the force on the charged particle, g is the charge,
and v is the particle velocity.

Note in figure 2 that the nonlinearities are not indicated.
The source current density, conductivity, and permittivity are
all functions of the electric and magnetic fields unless these
fields are sufficiently small. For typical cases of interest
for EMP source regions the air conductivity is a strong function
of the electric field. For high altitude source regions the
source current density is a strong function of the magnetic
field, particularly the ambient earth's magnetic field. _For
quite close in positions in the EMP source region where Jc and
Se get quite large then all the nonlinear effects of the electric
and magnetic fields on both Jc and ¢ become important. These
nonlinear progesses_ can Qe represented in the diagram in figure
2 by linking H and E to Jc and ¢ and thereby complicating the
diagram somewhat. In any case wg¢ haye identified five elegtro-
magnetic field types of terms: Jg, Je, H, 3B/3t = W, and E as
primary electromagnetic quantities to be included in a source
region environment description. In addition to these there are
the secondary electromagnetic parameters: ¢ and € together with
their source Se as being important EMP environment gquantities.
The permeability u is of course important but it is normally the
permeability of free space up, at least approximately, and so it
is not too interesting. Also the permittivity € of air in some
cases is just e€¢o approximately with the ionization being in-
cluded under o. However in other cases both for air and other
media such as soil it is convenient to consider ¢ as a variable
gquantity in some appropriate sense.

The basic electrgmagnetic quantities (ﬁ, aﬁ/at = W, E, and
Jt which splits into Jc and Jeg) follow gquite naturally from Max-
well's equations together with the constitutive equations which
incorporate the medium parameters (u, o, and & or other more de-
tailed forms relating charge motion in the presence of magnetic
and electric fields). This same basic division of the electro-
magnetic vector field type gquantities also appears in other gen-
eral aspects of the electromagnetic equations. Consider the in-
tegral form of Maxwell's equations. These are found from equa-
tions 1 by integrating over an appropriate suvrface; then con-
verting the surface integral of a curl to a line integral gives

14
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The incremental contour length is ds with a unit tangent
vector T, the incremental surface area is dS, and the unit sur-
face normal vectgr is n. The choice of the reference side of_
the surface for n to point away from and reference direction T
along the contour describing the edge of the surface form the
basis of what is termed the right hand rule in electromagnetics.
The symbols for contour C and surface S as well as line element,
incremental area, unit normal vector, and unit tangent vector
are all subscripted to indicate the electromagnetic guantity
with which they are each associated.

Referring to figure 3 the surfaces and contours show some
general features of thg Maxwell equations. Figure 3A shows the
relation of 38B/3t (or W) through a surface to E around a contour
forming the edge of this surface. Figure 3B shows the relation
of J+ through a surface to H around the edge contour. Note that
of these four guantities those two with a factor meter=-1l in
their units are associated with contour integrals and the re-
maining two with a factor meter-2 in their units are associated
with surface integrals. This sheds some light on the pattern of
the units of the basic electromagnetic quantities as arrayed in
the diagrgm ip figurg 2. GQing on to figure 3B the four quanti-
ties Jt, E, °9B/9%t = W, and H are included in a simple diagram
which includes the contoyrs Cg and Cy and the syrfaceg Sy and Sg
for the simple case of 9B/dt shown parallel to H and Jt anti-
parallel to E. The two terms in each of these pairs are not
necessarily parallel to each other as illustrated in figure 3B
because of the time derivatives and possible matrix characteris-
tics of_ o, €,_ and u gppearing in the constitutive equations re-
lating Je to E and 3B/3t to H. Furthermore if_ the source cur-
rent density Jc is nonzero it could also make Jt not parallel to
E. However some types of electromagnetic waves (a free space
plane wave of linear polarization away from sources, for example)
do have the terms in each pair parallel (or antiparallel) to one
another. An interesting feature of the simple diagram in figure
3B is that it illustrates the tight interrelationship that ex-
ists among the four basic electromagnetic field types of guanti-
ties.

The four basic quantities ﬁ, Et, E, and aﬁ/at also appear

in the boundary conditions at a surface separating two media.
These boundary conditions can be simply derived from the integral
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form of Maxwell's equations as in equations 13. These are the
standard boundary conditions relating to the continuity of tan-
gential or normal components of appropriate yector gquantities
through the surface. Figure 4A shows H and E as parallel to
surfaces to illustrate the continuity of the tangential compo-
nents of these fields through the surface. _This can be ex-
pressed in terms of the unit normgl vector n for the surface of
interest as the requirement that n x E and n x_H be continuous
through the surface. Figure 4B shows Jt and 3dB/dt as perpendic-
ular to surfaces to illustrate the continuity of the normal com-
ponents of these vector quangities through the surface. Said in
another way n ¢« J¢ and n * 3B/3t are continuous through surfaces.
Taking the divergence of Maxwell's equations (equations 1) gives

3B >
v e (SE =V «W=0

> (14)
L -» - L + L a—D = . I EE —4
VeJd =V -FJ+V- (gg)=V-:-T+zE=0

so that both jt and aﬁ/at are solenoidal vector quantities im-
plying the continuity of their normal components through sur-
aces, elating surface integrals_of the normal components of
Jt and 3B/3t to line integrals of H and E respectively tangen-
tial to the same surfaces through the integral form of Maxwell's
equations (equations 13) shows that the boundary conditions for
tangential components of H and E are tied toggther with the
boundary conditions for normal components of J+ and 3B/3t re-
spectively. We have assumed that the surfaces are not of an
ideal type which allow syrface current dengity to flow. Such a
surface can have normal J+ and tangential H discontinuous through
the surface in a manner related to the surface current density.

Maxwell's equations in their integral form and the associ-
ated boundary conditions at surfaces can be used to simply in-
terpret how currents and voltaggs are induced on some simple
geometries. One can integrate J¢ over some area to obtain a
current flowing through that area and thereby intercepted by an
object_in its path. As in the case of a loop the voltage den-
sity 9B/dt can also be integrated over an area to give a voltage
at some appropriate terminals., By considering line_ integrals
one can obtain a voltage from E and a current from H which is
also interpretable in terms of the surface current density on a
highly conducting surface. Areas and lengths are certainly char-
acteristics of objects of interest in an electromagnetic environ-
ment such as in an EMP source region. As a first order estimate
of the currents and voltages produced in systems then one would
like to characterize a system in terms_ of its gppropriatg lengths
and areas and which of the quantities J+, H, 3B/3t, and E one
combines with each area and length to obtain the currents and
voltages of interest.
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The radiation driven source current density 3c exists in
the object of interest as well as in the surrounding medium and
can have different values in these different places, thereby
making some net current of interest increased or_ decreased by
the source current density in the object. Thus J¢ needs sepa-
rate and special treatment. An epvirgnment specifigation then
needs the primary quantities Je, Je, H, 3B/9t, and E expressed
in terms of all their important features which might include
peak amplitudes, rise times, pulse widths, etc. in the time do-
main as well as amplitudes of their Fourier transforms over var-
ious bands of frequencies. In addition to these primary quanti-
ties there are other important supporting quantities such as the
conductivity o of air, ground, etc. in the nuclear radiation en-
vironment because of the important role the conductivity plays
in the detailed interaction of the primary quantities with ob-
jects of interest in the source region. Included with o one
should have any significant changes in the permittivity £ asso-
ciated with the nuclear source region environment. As an impor-
tant source for the conductivity of the air etc. one should also
specify Se, the basic generation term from the nuclear radiation
term. This source term Se can also be applied to objects of in-
terest if parts of these objects (such as insulators) can be
made significantly conducting by the presence of the nuclear
radiation. However the Se and Jc in any object are somewhat a
function of the object materials and nuclear radiation spectrum
and direction. Thus for more detailed understanding of the con-
ductivity and source currents in objects of interest more de-
tailed nuclear radiation information is required.

III. Electromagnetic Quantities as Viewed from Some Important
Interaction Mechanisms ' '

Thus far we have considered the important features of the
source region EMP environment as presented by the source mechan-
isms and the electromagnetic equations (Maxwell's egquations and
constitutive equations) governing the relations among the basic
gquantities. In this section let us consider important features
of the environment from the point of view of some of the simple
and important interaction mechanisms for interaction of the EMP
with objects of interest. From a consideration of these basic
interaction mechanisms some electromagnetic quantities can be-
seen to be important. Such gquantities should be included in an
EMP environment specification so as to make the description of
the phenomenology directly applicable to at least a first order
estimate of simple electrical parameters such as currents and
voltages on objects of interest.

In order to characterize the environment for interaction
purposes one can consider some of the lowest order ways the
electromagnetic gquantities can couple to material objects. One
might, for example, ask how charged particles are affected by
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electromagnetic fields, leading to the Lorentz force law in
equation 12 as a means characterizing the important electromag-
netic quantities. However one is generally concerned about more
macroscopic objects involving conductors, insulators, etc. and
what are the currents and voltages appearing at some positions
on the object which one might think of as a terminal from which
the signal can be transported via cable or some other means to
other parts of the system. Using the Lorentz force law may be
important in determining the electron transport associated with
the effects of the fields on the source current density. For
interaction purposes, however, other concepts more explicitly
related to antenna response are more appropriate, even though
such antenna type parameters can be mathematically related back
to such equations involving average forces on electrons. We
would like the antenna parameters to just be simple sensitivity
numbers relating current and/or voltage from the "antenna" to
the appropriate electromagnetic guantities in the EMP environ-
ment. Note the use of the word "antenna" here refers not only
to deliberate communication or radar antennas which are part of
a site or object of interest; it applies to any part of the site
or object which has a current or voltage of interest in direct
response to the EMP environment.

An important class of EMP interaction problems consists of
objects which can be considered electrically small for a signif-
icant portion of the frequencies of interest. By electrically

small we require that radian wavelengths .
x =t (15)
wvYye

or skin depths

§ = ‘/% (16)

as appropriate in the media of interest (such as the EMP source
region) be large compared to the dimensions of the object for
which one is estimating the "terminal" current and voltage.

With w as the radian frequency and s = iw used for the Laplace
transform variable we have the propagation constant in the forms

y = [su(o + se)1+/2 = ik

(17)

k = [wp(-ic + we)]l/2
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For d as the typical dimension of the object then we require for
frequencies of interest that

1 :
k| << I (18)

for the object to be considered electrically small. Accordingly
the frequency specified by

x| = 2 | | (19)

can be considered as an upper frequency for which the model based
on an object being electrically small can generally be used for
roughly correct results.

Define a relaxation frequency

w_ = (20)

r

m|a

For w > wr then X is the important wave distance; for w < wyp
then § is the important wave distance. Combining the results
for X and § from equations 15 and 16 and comparing these to the
object size d we can define a critical radian frequency for con-
sidering an object as electrically small as

Wy = min[ 1 , 2 2] (21)
Yued nod

which for the case of U = Ug, € = g0 reduces to

. _Jc 2
w_ = min , (22)
o [3 uocdz}

where the speed of light is

(23)

For a given value of d as 0 is increased wp is given by the first
expression based on X = d until ¢ is large enough that the sec-
ond expression based on § = d makes wo decrease proportional to
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l/0. The transition from X dominated to § dominated occurs when ‘
the two expressions are equal and at this transition wo is of
the order of the relaxation frequency wr.

This critical radian frequency wo can be simply defined as
above for the case of time independent o, €, and u. However in
an EMP source region of conducting air ¢ is a time varying quan-
tity which changes significantly on the same time scale as the
source current density and the resulting basic electromagnetic
quantities. 1In order to apply the above criterion for determin-
ing an upper frequency wo for which an object can be considered
electrically small then one can use an appropriate time-averaged
conductivity where the time averaging is over a time appropriate
to the frequency of interest. Thus corresponding to an w one
might average o(t) over a time of the order of l/w around the
peak 0. If o has a large peak for a very short time compared to
l/w then the slowing of the wave propagation for this very short
time does not have an appreciable effect over the time l/w.

Thus define o(w) as the time average of ¢ over a time l/w, say
centered around the peak if this time is fairly short. One
might start this time averaging period at some "zero" time when
the EMP is just starting if 1/w is large compared to the time to
peak. This then gives a rough value o(w) to use for ¢ when try-
ing to estimate a skin depth as in equation 16 in trying to es-
tablish if the object is electrically small at radian frequency
w. In equation 22 noting that o(mo) now appears the solution
for a critical radian frequency weo is now complicated somewhat
but can still be found.

Having estimated wo then for any w < wp one can consider
the object electrically small in analyzing the EMP interaction.
There are various ways that a current, voltage, etc. on this ob-
ject might get "inside" somewhere. The object might be an an-
tenna with a signal cable leading from it. Even if wg is below
the normal operating frequency of the antenna one can still be
gquite concerned about what is coming in for some w < wg because
of various intentional or unintentional characteristics in the
transfer function from the antenna to various positions in the
system. The antenna response itself at w < wo can be also much
larger in some cases due to the presence of ¢ associated with Je
in the environment at such radian frequencies. Of course the
object of interest might not be a deliberate antenna but could
represent some other penetration such as a cable entrance, aper-

ture, etc.

In order to determine for any w whether the object of inter-
est can be approximately considered as electrically small then
one must know sufficient information about the conductivity o (t)
in the medium (or media) surrounding the object. Thus we need
o(t), or at least its significant features, given as part of the
environment specification. This does not answer all conductivity
related questions. For example since ¢ is a function of the .
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electric field then the presence of the object of interest can
change 0 in its vicinity due to the electric field distortion.
Furthermore the presence of various materials as part of the ob-
ject of interest which can themselves have a time changing con-
ductivity (such as insulators in the presence of the nuclear
radiation) additionally complicates the EMP interaction. How~
ever, the specification of o(t) can still be used to divide the
EMP interaction problem into cases which can use approximations
for electrically small objects from those which require more de-
tailed calculations of the EMP interaction for approximate re-
sults.

Considering the case of electrically small objects, then
the EMP interaction is .basically quasi static. Referring back
to section II then the four basic types of electromagnetic gquan-
tities (current density, magnetic field, voltage density, and
electric field) take on special significance in that as incident
fields, etc. they are approximately uniform over the object of
characteristic linear dimension d. Solving a Laplace type equa-
tion (perhaps even including nonlinear ¢) in the vicinity of the
object one can ask how much current here or how much voltage
there. Relating these results for current and voltage back to
the basic electromagnetic quantities is just a geometrical rela-
tion, a sensitivity expressed in meters (a length) or sqgquare
meters (an area). Of course, this presumes that one is con-
cerned with current or voltage at some defined pair of termi-
nals. One might treat the field penetration through an aperture
.somewhat differently, but even in the case of an aperture it is
interesting to note that the fields penetrating the aperture are
proportional to the surface current density and/or surface
charge density for the shorted aperture times a geometrical con-
stant associated with the aperture size and shape.?2 Basically
the object samples or collects current and/or voltage from the
EMP environment proportional to the appropriate electromagnetic
quantity in the environment (as in figure 2) and the appropriate
length and/or area which is a geometrical property of the object
of interest.

For electrically small objects their most important charac-
teristics as low-frequency field radiators are their electric
and magnetic dipole moments . 3 Quadrupole and higher order terms
are much less effective as radiators and monopole terms are at
most a non time changing total electric charge and so not sig-
nificant for our present considerations. Using reciprocity

2. Clayborne D. Taylor, Interaction Note 74, Electromag-
netic Pulse Penetration through Small Apertures, March 1971.

3. Capt Carl E. Baum, Sensor and Simulation Note 125,

Some Characteristics of Electric and Magnetic Dipole Antennas
for Radiating Transient Pulses, January 1971.
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arguments one can conclude the same general results for receiv-' ‘
ing antennas at low frequencies, namely that the electric and

magnetic dipole terms are dominant. If by chance or by design

the object has no electric or magnetic dipole interaction (in-

cluding the effects of nonlinearities in removing some symmetries)

referred to some terminals then higher order terms are needed to

describe the interaction but are not considered in this note.

Many previous notes have considered the problem of measur-
ing various of the basic electromagnetic guantities in figure 2:
current density, magnetic field, voltage density, and electric
field. Again for electrically small sensors these reduce to
electric and magnetic dipoles operating in open circuit or short
circuit mode to measure these four different kinds of basic
electromagnetic quantities.4 1In an EMP source region the non-
linear and time varying conductivity as well as the nuclear ra-
diation and its associated source current density make accurate
measurements much more difficult than outside of such source re-
gions as in the case of many EMP simulators. Special care must
be taken, particularly in the case of electric dipole sensors,
to avoid the source current and nonlinearity problems so_as to
measure the electric field or total current density.51517 How-~
ever, even magnetic dipole sensors have significant design prob-
lems for optimum performance in EMP source regions.®:

For our present purposes, however, we are not trying to de-
sign sensors for accurately measuring source region EMP fields,
we are discussing a first order low frequency EMP interaction

4. Capt Carl E. Baum, Sensor and Simulation Note 38, Pa-
rameters for Some Electrically-Small Electromagnetic Sensors,
March 1967.

5. Lt Carl E. Baum, Sensor and Simulation Note 15, Radia-
tion and Conductivity Constraints on the Design of a Dipole
Electric Field Sensor, February 1965.

6. Lt Carl E. Baum, Sensor and Simulation Note 26, The In-
fluence of Finite Soil and Water Conductivity on Close-in Sur-
face Electric Field Measurements, September 1966.

7. Capt Carl E. Baum, Sensor and Simulation Note 33, Two
Types of Vertical Current Density Sensors, February 1967.

8. Lt Carl E. Baum, Sensor and Simulation Note 29, The In-
fluence of Radiation and Conductivity on B Loop Design, October
1966.

9. Capt Carl E. Baum, Sensor and Simulation Note 30, The
Single-Gap Cylindrical Loop in Non-Conducting and Conducting
Media, January 1967.
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model for the source region (and outside it as well). Neverthe-
less the sensor design question is related to the interaction
question for electrically small objects because both are basic-
ally electric and magnetic dipole questions. Charge deposition
can give an electric monopole term for an object but this is not
the same as the charge difference (and associated current and
volts) at an electrical terminal pair which divides the object.
Thus while we do not expect precisely calculable parameters, es-
pecially for electric dipole quantities which are significantly
affected by the nonlinearities in EMP source regions, still the
basic physical processes are the same so that some of the sensor
design considerations can be applied to the source region inter-
action question.

Referring back to figure 2 consider the total current den-
sity Jt. One might have some electric dipole antenna operating
in short circuit mode; theg short circuit current is related to
Jt by an equivalent area Aeq as?

> >
Io = —J. ° Aeq (24)

This neglects some of the complexities of the interaction of the
source current density with the object itself since high energy
electrons are both emitted from and collected by the antenna,
generally in different quantities. TRus we define a special
area Ag which may not be the same as Aeqg (in either magnitude or
direction) as a sensitivity to the compton current so that we
can write

I = F. .- R 25
sc = Yo " Beq T e c (25)

as a more general form for_ electric dipole interaction in an EMP
source region. Note that Ao can be dependent on both the spec-
trum and directional characteristics of the incident photons and
high energy electrons. As a first order estimate of Ac (or
simply -Jc °* Ac) one might estimate photon agtenuatlons through
various parts of the object and associate a Je¢ in and outside
the object with the local photon intensity and direction to cal-
culate total current into and out of various conductors, etc.

Such a short circuit current for an electric dipole can be
readily applied to many practical geometries such as a conduct-
ing post sticking up out of the ground, the total current cross-
ing the perimeter of an access hatch into a missile site, the
total current along a missile in flight, etc. (all at sufficiently
low frequencies of course). As one can see this current density
response is characteristic of the total current flowing across a
defined boundary between two blobs of metal which are shorted
together at this boundary. As such this type of response can be

25



quite important. It is not an electric field response but a
current density response which involves not only the displace-
ment current density but the conduction current density and the
compton current density as well. To estimate the response of
this type of antenna in an EMP source region only using the
electric field without the conductivity, for example, is mean-
ingless and can be off by several orders of magnitude because
the farther into the source region one goes the more the dis-
placement current density is dominated by the conduction current
density. If one measures the response of such an object in
short circuit conditions in an EMP simulator which only has free
space conditions (no air conductivity, compton current density,
etc.) the electric field cannot be used to directly scale the
current to the particular source region environment electric
field. Rather, the displacement current density (plus conduc-
tion, if present) in the simulator can be_ used to scale the
short circuit current to the environment Je, comprising both
conduction and displacement current density; the response to the
source current density must still be estimated and added into

the result.

In open circuit conditions an electric dipole object has an
open circuit voltage in response to the electric field related

through an equivalent height heg as

> >
VOC = -E - heq (26)

One can think of this roughly as the potential developed between
two separate conductors in the EMP environment. The presence of
the source current density can alter the result of equation 26
because the net current transferred between the two conductors
associated with the photons and high energy electrons flows
through the antenna impedance Ze to give a corrected open cir-
cuit voltage

e >

V. =-E+h _-23_ -4 (27)

oc eq e“c c

Since the conductivity can be changing with time the use of Ze
as in equation 26 is only approximate, but it can be replaced by
appropriate time domain operators.

If the electric dipole object in the source region is simply
two highly conducting objects immersed in a uniform medium with
no additioral insulators of any significance then neglecting
nonlinearities the admittance of the obiject is

Y = = G_ + sCe (28)

1
e Ze e
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where the conductance and capacitance are related through the
medium parameters as

oo (29)
g €

Remember that this description strictly holds only if the an-
tenna is electrically small. Note that the conductance Ge is
just some geometric constant of the antenna times ¢, the medium
conductivity, and is thereby a function of time.

If additional media with different conductivity and/or per-
mittivity are present in the vicinity of the electric dipole ob-
ject conductors, then the response is complicated somewhat. The
admittance as in equation 28 might be more complex with appro-
priate series and/or parallel combinations of conductances and
capacitances corresponding to the geometric arrangement of the
various additional media with respect to the conductors. To
~some extent the complexities of the air, ground, etc. under ra-
diation in an EMP source region can also give these kinds of ef-
fects such as by boundary layers next to the conductors.> Often
in EMP source regions 0 is large enough so that Ge is the domi-
nant admittance term and the equivalent area Aeg and equivalent
" height heq can be calculated as boundary value problems involv-
ing perhaps an inhomogeneous conducting medium depending on the
various materials subject to radiation in the vicinity of object
conductors. This admittance, equivalent area, and equivalent
height could be somewhat different from those applying outside
an EMP source region, such as in non conducting air where with
insulators present the capacitive admittance dominateg and the
permittivity distribution is involved in calculating Aeg and
heq. In the absence of significant additional media, however,
the equivalent height and equivalent area are approximately in-
dependent of frequency and the conductivity (except for nonlin-
earities) and the simple relation between the conductance and
capacitance as in equation 29 is roughly correct.

As a first order equivalent circuit for an electrically
small electric dipole object in an EMP source region we have the
Norton and Thevenin forms shown in figure 5. The Norton form as
in figure 5A is the form appropriate for the short circuit cur-
rent as in equation 25. The Thevenin form in figure 5B is the
form appropriate for the open circuit voltage as in equation 27.
When considering the source current density interaction with an
electric dipole type of object the Norton form is more conven-
ient because of its direct use of current density for the source
in the equivalent circuit; fhe Thevenin equivalent circuit has
the source current density Jc converted to an equivalent electric
field. The equivalent area and equivalent height are related as
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> > :
Je . Aeq = YeE i heq (30)

For the simple-medium case where Ye is the parallel combination
of conductance and capacitance related to the medium parameters
as in equation 29 this reduces to

A _=gGh

T8eq = Celeq

T _ct (31)
€8eq T “eleq

Even if Y, is more complex the fact that 39 is parallel to E for
many cases of interest allows one to conclude that for such
cases Agq and heq are also parallel.

Strictly speaking the electric dipole admittance Ye (just
as its inverse, the impedance Zg) is not an admittance in the
sense of a complex number (units mhos) which one multiplies a
frequency domain voltage to obtain a frequency domain current.
Neglecting nonlinearities (which can be significant) Ye can bet-
ter be considered as an operator relating time domain voltage
and current where some of the coefficients in the operator are
themselves functions of time. Yg can then be considered as a
representation of an electrical RC network (corresponding to
conductivities and permittivities of the local media) with ele-
ment values changing as a function of time. For many cases of
interest the electric dipole is simple enough to approximatg as
the simple case as shown in figure 5 with time independent Aeq
and heq, time dependent conductance Ge(t), and approximately
time independent capacitance Ce. The electric dipole is driving
some kind of load admittance Y1, which might come from a cable,
some network, etc. The relative size of Y1, compared to ¥Yeg is
quite important because it determines which of the two basic re-
sponses, to current density or to electric field, characterizes
the performance of the electric dipole and thereby the interac-
tion of the object of interest in the EMP source region. Gener-
ally speaking the conductivity dominates the permittivity in the
source region. Thus Gg(t) in comparison to the typical value of
Y1, (which might be a simple conductance) is important. Making
this comparison one can characterize the electric dipole per-
formance as short circuit, open circuit, or perhaps short cir-
cuit for part of the time domain and open circuit for the re-~
mainder. To know Ge(t) one must know o (t). Thus for the basic
performance of an electric dipole antenna in an EMP source re-
gion one should have specified as part of the environment the
conductivity time history (or histories for more than one medium)
so as to characterize the electric dipole as sensitive to the
current density or the electric field, two fundamental features
of the environment which should also be specified. For an
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electric dipole object the conductivity is not just important
for deciding a critical radian frequency wo below which the an-
tenna is electrically small; the conductivity is fundamentally
important to its performance, even though it is electrically
small. Not only are the air and ground conductivity important;
the conductivities of any additional media of significance
placed locally around the electric dipole object are important
and these may change under the influence of the nuclear radia-
tion, thereby requiring knowledge of the nuclear radiation such
as involved in an ionization rate such as Se.

It would be difficult to overemphasize the fundamental im-
portance of the current density and conductivity in addition to
the electric field in EMP source region interaction. One can
envision various different examples of practical objects which
in the electrically small case are electric dipoles, many typi-
cally operating in short circuit mode. Figure 6 shows several
typical examples. A previous interaction note considers a par-
ticular example of electric dipole antenna--a deliberate one--
and some of the numbers associated with its EMP source region

interaction.10

Now consider the magnetic dipole case. The_short circuit
current is related to H by an equivalent length feq as

R _
I, =H - qu (32)

This has not included the direct interaction of the source cur-
rent density with the magnetic dipole object. With the electri-
cal terminals shorted and considering the current flowing in a
distributed manner over the entire object which we take as highly
conducting and as basically a loop then in the static limit the
source current density generates currents in the conductors pro-
portional to Jo due to high energy electrons being captured by
the object and being knocked off the object by the high energy
photons., The constant of proportionality is an area Ac which
relates Jc to the short circuit current at the defined electri-
cal terminals. Thus we correct equation 32 to give the total

short circuit current as$8

- > >
I, =H - ?eq -3, + & (33)

The minus sign on the second term is chosen to make this term
the same as for the electric dipole short circuit current as in
equation 25 since the interaction of Jo with the object to give

10. Conrad L. Longmire, Interaction Note 69, Direct Inter-
action Effects in EMP, January 1971.
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the short circuit current is basically the samg for both elec-
tric and magnetic dipole type objects. While Ag will generally
be proportional to the geometric cross section area of the ob-
ject, other problems involving detailed photon and electrgn
transport are involved and complicate the calculation of Ag
somewhat.

The open circuit voltage of a magnetic dipole responds to
the voltage density- as

(A

> > >
- A =W « A (34)

v =
eq eq

ocC

If the impedance of the object at its terminals is 2y then the
effect of the source current density can be included in the open
circuit voltage as

v =2 .% -23F % =W-%_-23 -%& (35)
oc = 3t eq m~c c eq m”c c

The impedance of a magnetic dipole object for the case that
it is electrically small is basically

=L =
Zm =g = SLm (36)

Note that the conductivity does not even enter this result,
thereby making a magnetic dipole a much simpler object to con-
sider in an EMP source region than an electric dipole object.
There may be various conducting djelectric layers around the ob-
ject but these have no effect on Aegq or Zm. On the other hand
if the permeability u is a function of position around the ob-
ject then the equivalent area and impedance can be altered.
However, since u is not_ changed like ¢ (and perhaps ¢) by the
nuclear radiation then Agg and Lm are independent of time as
long as the object is electrically small. Often u is just the
permeability of free space uLg, making the problem even simpler.

As a first order equivalent circuit for an electrically
small magnetic dipole object in an EMP source region we then
have the Norton and Thevenin forms shown in figure 7. The Nor-
ton form as in figure 7A corresponds to the short circuit cur-
rent viewpoint in eguation 33. The Thevenin form as in figure
7B corresponds to the open circuit voltage viewpoint in equation
35. Using the form of Zp in eguation 36 the open circuit volt-
age in equation 35 can be written as
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‘ Aeq - Ly 3e C Ac (37)

(A

Vv =
ocC

which is a completely time domain form. Due to the complexity
of Ze for a general electric dipole object in inhomogeneous con-
ducting dielectric media this simple result for the open circuit
voltage applying to magnetic dipole objects does not always have
a comparable simple result for electric dipole objects. Note
that associated with the complgxities of the photon and electron
transport the collection area Ags for the source current density
intgraction with electric and magnetic dipoles can be a function
of Jc, even changing direction (which can also be considered as
a matrix type of property). In such more general form the open
circuit voltages and short circuit currents for both electric
and magnetic dipole interaction with the nuclear radiation takes
on greater complexity but is still an additive term in the above
equations.

One feature of the magnetic dipole case is the simple gquan-
titative relation between its ghort circuit response to H and
its open circuit response to 3B/3t; the two responses are re-
lated by an inductance Lm and a time derivative or integral
(from s in sLp). The inductance Lm is a geometric constant of
the object which is_not typically affected by the nuclear radia-
.tion. Furthermore B and H are related by the permeabl;lty VO
which is typically uWo. Thus if one specifies either 53B/3t or H
the other can be directly and simply inferred. One might argue
then that one needs only one of these in an environment specifi-
cation in frequency and time domains. There is, however, a cer-
tain logical consistency to specifying both in analogy to the
electric dipole case where both Je and E are needed. Together
with Jo then we can have most directly both open circuit voltage
and short circuit current for both electric and magnetic dipoles
Figure 8 shows several typical examples of magnetic dipole types
of interactions.

Note that while sources to represent the direct radiation
induced signal are included in the equivalent circuits £or both
electric and magnetic dipoles (figures 5 and 7 respectively)
they are not in general of the same relative importance in_the
two cases. For the electric dipole J¢ can be compared to Je and
the two are of the same order, being equal and opposite in the
simple case of curl H being zero. Such a case applies, for ex-
ample, to the spherically symmetric (approximately so) nuclear
air burst where the source region does not intersect the ground.
If Ae and Ac are comparable for the electric dipole then for
low frequenc1es that the dipole is electrically small the radia-

ion induced signal is comparable to that associated with Je (or
). For the magnetic dipole, however, the situation is somewhat
different. As discussed in reference 8,_as the frequency is
lowered the magnetic dipole response to H (say in short circuit
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mode) tends to dominate that from Ec. For a near surface burst
with observer near the surface, as the frequency is lowered the
skin depth in the surrounding medium is increased and H is pro-
portional in magnitude to Jc times the skin depth. Logking at
the Norton equivalent circuit %n figurg 7A both H and J¢ enter
the same way. Thus for fixed %eq and Ac if one goes down in
frequency the signal from H will eventyally dominate that from
Jc, considering only the reiponse for H with a significant com-
ponent in the direction of feq. Thus in a low frequency model
one_ might sometimes neglect the sensitivity of a magnetic dipole
to Jc.

In addition_ to the magnetic dipole sensitivity to the source
current density Jc one can also include a generator in the equiv-
alent circuit to represent the sensitivity to Je, with the same
kind of ipteraction (an equivalent area) describing the coptrib-
ution of Je to the short circuit gurrent. However, since Je
tends to be of the game order as J¢c in an EMP source region then
the sensitivity to Je is negligible at sufficiently low frequen-
cies just as in the case of Jc. By using insulators around mag-
netic dipole sensors the sensitivity to Je can be made much
smaller in an EMP source rggion. In the case of free space
media this sensitivity to Je is often termed the "electric field
sensitivity" of a loop. As frequency is decreased this sensi-
tivity becomes negligible for the ratio of [E| to |[H| of the
order of the wave impedance of the medium.

In applying this first order dipole interaction model to
electrically small objects one should try to separate the basic
interaction of the object with the EMP to produce current and
volts from what gets to some circuit, etc. inside the system.
The various networks (cabling etc.) can superimpose a complex
transfer function on the basic dipole response. Such a transfer
function can also include various elements that are physically
part of what one considers as the basic dipole structure, such
as inductive shorts or other more complex elements loading what
one defines as the electrical terminal pair in treating the ob-
ject as a dipole antenna. Even some kinds of internal field
coupling such as from apertures to cabling etc. can be approxi-
mately described by transfer functions which take as an input a
signal from an equivalent dipole model of the aperture.

In characterizing electrically small objects as electric or
magnetic dipoles note that it is quite possible for both dipole
moments to be important. One can use both dipole moments to
make efficient low frequency radiating antenna systems;3 one can
design electromagnetic sensors utilizing both dipole moments.ll

11. R. E. Partridge, Sensor and Simulation Ncte 3, Com-
bined E and B Sensor, February 1964.
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The low-frequency interaction problem can have the same feature.
As an example a typical shielded loop with differential output
onto a twinax cable is a magnetic dipole type of object for the
differential mode. If the conducting loop connected to the dif-
ferential output is not shorted to the shield as well, then a
large common mode signal can be developed. Even if thg loop is
shielded the nuclear radiation driven current density Jc can
penetrate the shield and a net current source can drive the com-
mon mode with a capacitance and perhaps also a parallel conduc-
tance for the common mode source admittance; the common mode is
then driven in this case by an electric dipole type of object.
The same object can then behave as different types of dipoles
with respect to different independent output signals at the var-
ious output terminals of interest.

IV. Some Idealized Geometries Appropriate to EMP Interaction
in a Nuclear Source Region

While the dipole model is a useful first order model for
EMP interaction, including the cases of both inside and outside
of nuclear source regions, it still has limitations. In non
conducting media if the wavelength is of the order of the size
of the object of interest then resonances can occur on the ob-
ject and these are not included in a simple dipole model as dis-
cussed in section III. For yet higher frequencies in non con-
ducting media higher order resonances can occur until at suffi-
ciently high frequencies geometrical optics and diffraction
theory provide a better way to look at the interaction problem.
In conducting media as the skin depth becomes of the order of or
less than the size of the object the simple dipole model breaks
down. The skin depth phenomenon has attenuation associated with
it and this can reduce the fields etc. reaching an object by
propagating through the conducting medium. However, in a nu-
clear source region the fields etc. are locally generated, i.e.
right within a skin depth of the object, so such propagation at-
tenuation does not apply to interaction in EMP source regions.
Alsc in EMP source regions there are nonlinearities which re-
strict the accuracy of the dipole model, at least for the elec-
tric dipole, because of the use of linear equivalent circuits.

Particularly, then, for electric dipole type objects it
would be desireable to make detailed calculations of their re~
sponses in EMP source regions even for frequencies such that
they are electrically small because of the nonlinearities in-
volved in the conductivity (particularly air conductivity). In
addition the presence of other dielectric material (possibly
conducting as well) in the immediate vicinity of the object
(perhaps enclosing it) can complicate the problem significantly
for an electric dipole because of nonlinear effects in these
media even though the object be electrically small. As the fre-
guency is increased both electric and magnetic dipole type
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objects are not electrically small; more detailed calculations
are needed for both types for high frequencies (actually fast
times in the time domain) including both the time varying and
nonlinear properties of the various media.

For objects that are electrically small in EMP source re-
gions for some frequencies of interest one may profitably study
their performance with detailed calculations and experiments us-
ing the correct nuclear radiation and surrounding media. The
purpose of such calculations would be to quantify nonlinear and
high frequency effects and determine for what low frequencies
the simple dipole model applies and to what extent nonlineari-
ties alter the results (especially for electric dipoles) at low
frequencies. However actual objects of interest can be rather
complex making analytical and/or numerical calculations quite
difficult. In order to quantify some of the effects for high
frequencies (fast times) and nonlinearities one might then
choose simplified geometries and materials for idealized objects
which have responses in EMP environments which include the vari-
ous physical processes which affect the response of real objects
of interest (including metal conductors, dielectrics, etc.).

One might consider the solution of such interactinn cases, theo-
retically and/or experimentally, as canonical problems for the
general source region interaction question.

Considering various types of structures such as those in
flgures 6 and 8 one can envision simplified structures which
represent the essential features of the geometry and materials
of the real objects. Some of the simplest cases of canonical
problems for objects which are electrically small in EMP source
regions at some frequencies of interest are shown in figure 9.
Consider geometries characteristic of say missile and space sys-
tems. One might treat some of these through idealized geome-
tries as in figure 9A. Finite conducting cylinders with various
partial dielectric sections represent missiles; truncated cones
represent missiles and reentry vehicles. One might use any of
these objects or say a sphere with perhaps various simple ap-
pendages or apertures for detailed source region calcula<ions.
Note for the exoatmospheric case for such calculations that the
system is the source region. Then these kinds of detailed cal-
culations can cover a rather broad range of source region inter-
action phenomena by varying such things as atmospheric density
and object geometry. As shown in figure 9B one can consider-
various types of appendages such as deliberate antennas on con-
ducting objects where the rest of the object determines the "in-
cident" fields, current density, etc. at these appendages which
can in turn be considered as electric and magnetic dipoles; for
an exoatmospheric system the bulk of the system would determine
the major features of the EMP source region in which these
smaller electric and magnetic dipoles are placed. Another class
of problems as shown in figure 9C would involve simple geometries
of conductors in the vicinity-of a ground-air interface where
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the finite ground conductivity is significant. Figure 9C shows
a conducting post protruding from the ground, a conducting
ground plane, and a capped conducting cylinder which could rep-
resent a missile silo. Clearly various other simplified geome-
tries representing buildings, ships on the ocean, etc. can also
be considered in detail. These can then be modified to include
protrusions for antennas, structural members, cables, etc. and
apertures for antennas, hatch closures, etc. Thus there are
numerous idealized geometries that can represent objects that
are electrically small for some frequencies of interest in EMP
source regions and can introduce significant simplifications in
calculations of source region interaction phenomena.

There are some kinds of objects which one might not consider
electrically small in EMP source regions at any frequencies of
interest because of their extremely large size. The simple di-
pole model discussed in section III does not directly apply in
such cases. However, one can use some of the simple physical
processes discussed in arriving at that model to very roughly
estimate some of the interaction results. Suppose that one is
interested in the current, voltage, and/or source impedance at
some terminal pair. Then for some frequency or time regime of
interest one can estimate based on skin depths in the air,
ground, or other media around or part of the object what por-
tions of these media can influence the results at the terminal
pair of interest. Then considering only these portions of the
media with their boundaries as the object of interest one can
consider this modified object for its electric and/or magnetic
dipole characteristics. It can integrate current density and
voltage density over a skin depth dominated area, and electric
field and magnetic field over a skin depth dominated length.
Since the skin depth of interest in the source region is smaller
than the object size by hypothesis, then the collection areas
and lengths are generally smaller than those associated with the
complete object. However, there can be exceptions to this gen-
eral result, particularly if the object geometry has the portion
more than a skin depth away from the "terminals" in a configura-
tion to partially cancel the signal integrated from the first
skin depth, the cancellation (or signal reduction) only occur-
ring when the farther portion of the object comes within a skin
depth (or diffusion depth) of the "terminals."

Just as with the case of objects which are electrically
small in EMP source regions one can perform detailed source re-
gion calculations for electrically large objects for which the
effects of the finite object size are not significantly observed
at the "terminals" in times of interest. In this case one can
neglect the far end or ends of the object and the geometry can
sometimes be made simpler by purposely extending these ends to
infinity for the purpose of detailed calculations. Note that
this extension to infinity is for the electromagnetic calcula-
tions and may not be legitimate in some cases for the nuclear
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radiation transport and high energy electron transport which can
have influence over distances greater than some skin depths.
Note that even those objects which are electrically small in EMP
source regions for some frequencies of interest can easily be
electrically large for other higher frequencies of interest.
Thus detailed calculations in EMP source regions for infinite
and semi infinite idealized geometries can be applied to many
objects of practical interest, at least for sufficiently fast
times or high frequencies.

Figure 10 shows what might be thought of as some canonical
problems involving infinite and semi infinite geometries. Fig-
ure l10A shows some examples in an air or free space medium such
as cylinders, cones, and planes which can be considered in in-
finite and semi infinite versions. Various types of dielectric
coatings or sections can be included and various simple protru-
sions added. Referring back to figure 9A the infinite and semi
infinite geometries can be used for calculating portions of the
more general problems involving the finite geometries. In fig-
ure l0B we have shown some infinite and semi infinite geometries
in the vicinity of a ground-air interface. The infinite and
semi infinite vertical conducting rod geometries can be used to
obtain information applicable to a large number of practical ob-
jects of interest, at least for early times and high fregquencies.
The infinite vertical conducting rod represents a very conven-
ient geometry with boundaries that neatly fit a cylindrical co-
ordinate system; such a geometry is then comparatively well
suited to detailed numerical solution involving finite differ-
encing of space and time. Another geometry near the ground sur-
face might involve a semi infinite hollow cylinder in the ground
with a cap at the ground surface; this could apply to the mis-
sile silo interaction problem. One can also consider a semi in-
finite vertical post attached (perhaps through impedances) to
semi infinite or infinite wires which are parallel to the grocund
surface. Such a geometry would apply to EMP source region in-
teraction with power and communication lines connecting into
various kinds of systems.

Thus while for many frequencies of interest various objects
of interest in EMP source regions cannot be considered as elec-
trically small, still all is not lost. One can still make esti-
mates of the interaction using rough physical approximations
based on dipole models of relevant portions of the object. Fur-
thermore one can perform more detailed calculations of the inter-
action including the time varying nonlinear media, but using
idealizations of the total object geometry or only the most im-
portant parts of the geometry. Such detailed calculations can
be both analytical and numerical in nature. In addition experi-
ments using these idealized geometries in nuclear weapon envi-
ronments and/or in simulated nuclear radiation environments can
be performed to compare the results and thereby test the ade-
quacy of the various physical processes included in the
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calculations. Different idealized geometries can then be used
to emphasize various physical processes and thereby allow more
critical tests of the adequacy of the physical parameters incor-
porated in the calculations, both as to numerical values of the
parameters and the presence (or absence) of other important
physical processes.

V. Summarx

The interaction of the nuclear electromagnetic pulse with
objects of interest can be fairly complex, particularly if the
object is located in an EMP source region involving source cur-
rents and nonlinear time-changing media. However, a simple
first order model based on electric and magnetic dipoles can be
used to calculate the interaction for frequencies (or times)
such that the object can be considered electrically small. An
electrically small object (at some particular fregquency) is one
with maximum linear dimension smaller than the magnitude of the
complex radian wavelength in the surrounding medium. The com-
plex radian wavelength is basically the radian wavelength for
w > 0/¢ and the skin depth for w < 0/¢ where ¢ and € are chosen
as appropriate average values over times of interest if they
happen to be functions of time.

The basic electromagnetic gquantities for characterizing an
EMP env1ronm§nt are four kinds of vector quantities: the mags
netic field H, the voltage density 98B/3t, the electric field E,
and the total current density which can be split into two some-
what dls§1nct parts as an electric-fieldsassociated current
density Je and a source current density Jc. Collectively these
are the lowest order electromagnetic quantities and are directly
related to the open circuit and short circuit characteristics of
electric and magnetic dipoles. These relations are basically
ones of surface and line integrals over areas and lengths appro-
priate to the object of interest and its immediate surroundings.
However, if various different conducting dielectric media sur-
round electric dipoles their interaction can be altered. There
are some secondary parameters which should be included with
specifications of EMP source region environments such as conduc-
tivity and ionization rates (or even more detailed aspects of
the nuclear radiation) because of their influence on the EMP in-
teraction with objects.

For most cases of interest the permeabilities of importance
for the surrounding media are just Mg so that the magnetic field
and voltage density are quite simply related and one would not
need to specify both, except for consistency with the electric
field and current density which are required for the electric
dipole interaction. For the basic vector gquantities various in-
formation, not just the peak, is needed to characterize them.
They need characterization for polarization, rise time, pulse
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widths, and any other peculiar time domain features, and they
need similar characterization in the frequency domain for their
general characteristics over large frequency bands.

The general considerations in this note apply not only to

EMP source regions but outside the source regions as well where
the interaction processes are somewhat less complex. A special
case, however, is the exoatmospheric system which is illuminated
by the nuclear radiation from a weapon. Then one can only spec-
ify this nuclear radiation. The object interaction with the

nuclear radiation makes an EMP source region in the vicinity of
the system. The simple dipole model can then be applied to var-
ious parts of the system viewed as electric and magnetic dipoles
in the presence of an environment associated with the total sys-

tem structure.

For electrically large objects in EMP source regions the
simple dipole model does not strictly apply but one can obtain
estimates by applying similar considerations to that volume
which can affect the output signal, that volume being determined
by skin depth limitations corresponding to frequencies or times
of interest. In order to obtain more accurate results for elec-
trically large objects, and even for electrically small electric
dipole objects (due to nonlinearities), one can try to perform
more detailed calculations analytically and/or numerically. For
calculations which include the detailed nonlinear and time vary-
ing characteristics of the source region one can try to simplify
the problem somewhat by simplifying the object geometry, yet
keeping the various important features of the object. Such
idealized object geometries can be studied in nuclear source re-
gions to form a set of canonical problems through which one can
hope to understand and categorize the various .detailed features .
of interaction in an EMP source region.

44




