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ABSTRACT

This report presents high-altitude EMP (HEMP) environments cal-
culated by the CHAP code for a nominal large yield burst at 400 km over
the central U.S. Nominal, unclassified weapon output parameters were
used, along with unclassified EMP theory and calculational techniques.
While the resulting environments do not represent upper bounds, they
should be useful in developing understanding of the effect of HEMP on
electrical and electronic systems.

The calculated environments illustrate the wide variability of
the HEMP from a single burst, depending on ground range and azimuth from
ground zero. Analytic fits to the HEMP fields are provided to facilitate
coupling calculations. The CHAP results are justified by a detailed
examination of Compton currents, air conductivities, and the resulting
fields, It is shown that both HEMP theory and the calculations conserve
energy scrupulously.



Figure

10

11

12

13

14

Compton current as a function of r at two different

LIST OF ILLUSTRATIONS

real times t, and t,.

Geometric variables,

H = 400 km.
field.

H = 400 km,

field. CHAP

H = 400 km.

H = 400 km,
CHAP THETA

H = 400 km.
CHAP THETA

H = 400 km.
CHAP THETA

H = 400 km,
CHAP THETA

H = 400 km.
CHAP THETA

H = 400 km.
CHAP THETA

H = 400 km.
CHAP THETA

H = 400 km

CHAP

Observer

at

THETA = 0.

Observer

at

THETA = 0.

Observer

Observer
30°.

Observer
30°.

Observer
30°.

Observer
50°.

Observer
50°.

Observer
50°.

Observer
60°.

Observer

CHAP THEATA = 60°.

H = 400 km.

CHAP THETA =

Observer
60°.

at

at

at

at

at

at

at

at

at

at

GZ.

GZ.

GL.
GR

GR

GR

GR

GR

GR

GR

GR

GR

#

i

4]

H]

1]

1

8

]

Horizontal

Horizontal

CHAP THETA
233.5 km.

233.5 km.

233.5 km.,

500.6 km.

500.6 km.

500.6 km.

776.5 km.,

776.6 km.

776.6 km,

northward

H]

Page

19

24

25
26

27

28

29

30

31

32

33

34

35



Figure

15

16

17

18

19

20

21

22

23

24
25
26
27
28
29
30
31
32
33
34

H = 400 km.

CHAP THETA

1]

H = 400 km.

CHAP THETA

H = 400 km.

CHAP THETA

H = 400 km. Obéerver at GR

horizon. CHAP THETA = 70.2°.

H

H = 400 km.

horizon.

H = 400 km.

horizon.

=X

==

=

Fit
Fit
Fit
Fit
Fit
Fit
Fit
Fit
Fit
Fit
Fit

to
to
to
to
to
to
to
to
to
to
to

= 200 km.
60°.

PHI =

= 200 km.
60°.

PHI =

= 200 km.
60°.

PHI =
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure

Observer at GR

68°.

Observer at GR

68°.

Observer at GR
68°.

Observer at GR
CHAP THETA = 70.2°.

Observer at GR
CHAP THETA = 70.2°.

Observer at GR

180°.

Observer
180°.

ObServer
180°.

3.

[=)]
*

pe o4 o = pee o =X
L}

oy
~N
0

e =

fow
(83
-

joe o o o X =

]

]

it

"

#

#

H

at GR

at GR

]

400 km,
400 km,
400 km,
400 km,
400 km,
400 km,
400 km,
400 km,
400 km,
400 km,
400 km,

1356.0 km.

1356.0 km.

1356.0 km.

2201.0 km, on

2201.0 km, on

2201.0 km, on

365 km. CHAP THETA

365 km. CHAP THETA

365 km. CHAP THETA

GR = 0.

GR = 0.

GR = 233.5 km.

#

GR = 233.5 km.

GR

500.6 km.

GR = 500.6 km.

GR = 776.6 km.

GR
GR
GR

776.6 km.
1356.0 km.
1356.0 km.
2201.0 km.

GR

..
1L

Page

36

37

38

39

40

4]

43

44

45
51
52
53
54
55
56
57
58
59
60
61



Figure
35
36

37

38

39

40

41

42

43

44

Fit to Figure 19. H = 400 km, GR = 2201.0 km,

Compton current at four altitudes. H = 400 km.
GR = 777 km, PHI = 180°.

Air conductivity at four altitudes. H = 400 km.
GR = 777 km. PHI = 180°.

Electric field at four altitudes. H = 400 km.

GR = 777 km. PHI = 180°.

Saturated field at four altitudes. H = 400 km.
GR = 777 km. PHI = 180°.

Fourier transforms of E¢ for various observers,

Contour plot of the peak value of the azimuthal
electric field E,. Numbers on the contours

are in units of TO“ V/m. The outer circle is the
horizon at 2200 km ground range.

Contour plot of the peak value of the vertical
electric field E,. Numbers on the contours are

in units of 10" V/m. The outer circle is the
horizon at 2200 km ground range.

Contour plot of the peak value of the horizontal
radial electric field E,. Numbers on the

contours are in units of 10* V/m. The outer circle
is the horizon at 2200 km ground range.

Contour plot of the impulse gE dt. Numbers on the
contours are in units of 10~ & sec/m. The outer
circle is the horizon at 2200 km ground range.

Page
62

65

71

72

77

78

79

80

81



LIST OF TABLES

Table Page
1 Fit parameters for H = 400 km. 49
2 Parameters associated with four altitudes. 64

ix



THIS PAGE IS INTENTIONALLY LEFT BLANK.



SECTION 1
INTRODUCTION

The principal purpose of this report is to provide an unclassi-
fied set of high-altitude EMP (HEMP) environments. It was our desire that

these environments be near the maximum that can be produced by high-alti-
tude nuclear explosions, without using any values of weapon output parame-
ters that are classified under the Atomic Energy Act of 1954. This has
turned out to be feasible,

We wish to emphasize that the environments presented here do not
represent upper bounds to possible HEMP environments and are not a substi-
tute for standards promulgated by the U. S. Government. However, they

should be highly useful in efforts to develop understanding of the inter-

action of HEMP with electrical and e]éctronic systems. In particular, the
variability of the HEMP with range and azimuth is well illustrated by our

results.

A second purpose of this report is to provide sufficient details
of the HEMP calculations for knowledgeable readers {physicists and elec-
trical engineers) to see for themselves that the results are at least
approximately correct. To this end the outgoing wave equation, which is
the basic equation of HEMP theory, is derived directly from the law of
energy conservation in Section 2. Following presentation of the HEMP cal-
culated by the CHAP code in Section 3, and formulae fitting those results
as functions of time, range and azimuth in Section 4, justification of the
results is presented in Section 5. The calculated Compton current and air
conductivity are shown to be consistent with the relevant simple physics,
and the electric field is then shown to follow from those results and the
outgoing wave theory., Section 6 presents Fourier transforms and contour
plots of pulse amplitude and impulse.



SECTION 2
ELEMENTS OF HEMP THEQRY

A recent discussion of the theory of HEMP is contained in
Reference 1, which starts from Maxwell's equations. A simpler (but
approxi@ate) derivation, which directly uses the conservation of energy,
is given in this section.

2.1 HEMP GEQMETRY

The gamma rays from 2 nuclear explosion travel outward from the
burst point with the speed ¢ of light., Since the gammas are emitted by
the nuclear device in a time span of about 10-% second, at some time t
after the burst the gammas occupy a spherical shell, centered about the
burst point, of radius

r =ct o, (1)
and of radial thickness

ArY = ¢ x 108 « 3 meters . (2)

The Compton recoil electrons are born in that part of this shell that
intersects the atmosphere. Since the Compton electrons live for about
10-% second, before being brought to rest by collisions with air atoms,
the Compton current exists in a spherical shell having the same ocuter
radius as the gammas, but with a radial thickness



Arc s ¢ % 10~% = 300 meters . (3)

The Compton electrons move radially outwards at birth, on the average, but
they begin immediately to be deflected sideways, transverse to the radial
direction, by the geomagnetic field. They therefore form a current den-
sity with both radial and transverse components, J. and J¢ respective-

1y. The principal source of the HEMP is Jt, because it can radiate
electromagnetic fields that propagate radially outward, maintaining phase
with the Compton current. J¢ also radiates waves radially inward, but
these are mostly absorbed by air conductivity. J,. could (except in

cases of spherical symmetry) radiate waves in transverse or oblique direc-
tions; these also are mostly absorbed by air conductivity.

The air conductivity o results from secondary ionization pro-
duced by the Compton electrons. The conductivity is essentially zero at
the outside of the Compton electron shell, and rises as we move inward
from there, or as we stay at a fixed radius and let the Compton electron
shell sweep over us in time. ‘

2.2 THE RETARDED TIME

The Compton scattering mean-free-path Ay of the gamma rays is
of the order of 6 km in the center of the HEMP source region {altitude =
30 km). The flux of unscattered gammas decreases by a factor e-! = 0.37
in this distance. This distance is much longer than the 300-meter
thickness of the Compton current shell, (The HEMP is usually even
shorter, of the order of 50 meters, because of air conductivity.)
Therefore, if we look at the Compton current waveform, instead of at
individual Compton electrons, we see a current pulse that propagates at
the speed of light, with its shape and amplitude changing only slowly,
i.e., in distances of the order of Ay,



In this situation it is convenient to replace the variable 1 by
the retarded time

T=t-.§. (4)

The retarded time T is zero at the front end of the Compton current pulse,
since r = ct there, and increases as we move back in the pulse, where r <
ct. At any r, T is the time after the onset of the Compton current pulse.
Figure 1 is a sketch of the pulse at two different real times t, and t,,
with t, later than t;. Since we have graphed the pulse as a function of
r, the tetarded time is represented by cT, the distance behind the front
of the pulse. The amplitude and shape of the pulse have changed only

slightly between r; and rj.

Let us therefore think of the transverse Compton current J¢
and the air conductivity o as being functions of r and T. At constant T,
Jy and g vary only slowly with r. It is reasonable to expect that the

HEMP electric field £y will have the same property. We shall try making
this assumption, and see in Sections 2.3 and 2.4 that results are consis-
tent.

e cT

il

ry = ct, r, = ct,

Figure 1. Compton current as a function of r at two different
real times t, and ts.



2.3 OUTGOING WAVE EQUATION IN PLANE GEOMETRY*

Let us assume at first, for simplicity, that the nuclear burst
is moved very far away, but is made very strong, so that the gamma flux
remains finite., Then, over distances of a few kilometers, we can neglect
the curvature of the Compton current shell. Over these distances, the
HEMP will appear to be a planar pulse propagating parallel to the
Cartesian coordinate r,

The instantaneous power density in the HEMP is Ei/Z0 watts/m2,

where Z, ~ 377 ohms. This depends on T, and more slowly on r, The
partial derivative with respect to r at constant T,

at
i waats , (5)
m

2
3t
'a'?'zg)

is the increase in power density at a fixed T in the wave per meter of
travel. Conservation of energy requires that this increase be equal to
the power put into the wave by the total electric current. This power is

watgs . (6)
m

- Et(Jt + °Et)
Note that we have included both Compton and conduction currents. The
quantities here are to be evaluated at the same T (and r) as in the
expression (5). Thus conservation of energy is expressed by

EZ
3 t
Lo ey (7)

* Sections 2.3 and 2.4 are taken from Reference 5.



or, on working out the derivative,

3 .
= E, = - 52’(Jt + of) . (at constant T) (8)

This is the outgoing wave equation of HEMP theory, first derived by

Longmire in Reference 2. It says that, in the absence of any conduc-
tivity, the amplitude increases according to

Et(r,T) = - %Q»f Jo(r,T)dr . (at constant T) (9)

The minus sign is an example of Lenz's law. In the absence of any Compton
current, E¢ is attenuated according to

Et(r,T) = Eta(T) exp(-Zoor/2) . (at constant T) (10)

Since o depends on T, the wave gradually changes its shape as it is
attenuated. However, Ey will have the expected property provided ¢ is
not too large, a point to which we return in Section 2.6.

2.4 OUTGOING WAVE EQUATICN IN SPHERICAL GEOMETRY
The derivation of Section 2.3 is easily extended to spherical

geometry. In this case we focus our attention on a fixed element 48 of
solid angle. The power flow in this element is

r2sa L | (11)

and the conservation of energy is expressed by



(rg,)?
3 t 2
= 59 5 = - r sszEt(J,c + cEt) . (12)

Working out the derivative here and canceling common factors gives

2 (re,) = - 20 (ry, + arEy) . (13)

ar t) -2_

This is the outgoing wave equation in spherical geometry, first derived
by Karzas and Latter in Reference 3., If the nuclear burst is very far
away, r + o, it reduces to equation 8 over r-intervals that remain
finite. If both J¢y and o vanish, the solution is

rEt = constant , or Et -~ 1/r (14)

appropriate for a spherically expanding wave. Equation 8 in this case
yields g = constant, appropriate for a plane wave. In many cases it is

sufficient to use equation B in the source region, which is usually thin
compared with r, but then put E¢ - 1/r after the HEMP leaves the

source region,
2.5 COMPLETION OF ENERGY CONSERVATION
Since we have derived the outgoing wave equations from energy

conservation, it would appear that they automatically conserve energy.
However, there is one more step to be taken to make energy conservation



complete, What we have done so far is to ensure that the energy put into
the wave by the Compton current either remains in the wave or goes into
Joule heating through the conductivity term. We must also ensure that the
energy put into the wave by the Compton electrons is taken out of their
kinetic energy. This can be accomplished by solving the equations of
motion of the Compton electrons in the presence of the HEMP electric and
magnetic fields. It is well known that the combination of Maxwell's equa-
tions with the equations of motion of charged particles conserves the
total energy of fields and particles.

The computer code CHAP (Ref. 4) solves both Maxwell's eguations
and the Compton electron equations of motion simultaneously, including the
forces of the fields on the electrons. Such codes are called self-consis-
tent.

The derivations of the outgoing wave equations in Sections 2.3
and 2.4 were only approximate in two respects. First, reflection of the
outgoing wave by the air conductivity was neglected. This neglection can
be justified if the conductivity o is not too large, as is discussed in
Section 2.6. The code CHAP treats both outgoing and ingoing waves; the
reflection terms are included. The effect of including the ingoing waves
on the HEMP observed at ground level is never substantial,

Second, the derivations neglected diffraction; it was assumed
that wave energy flows only in the radial direction. The justification
for this assumption is that the HEMP wave is very broad in its transverse
dimensions compared with its radial wavelengths. The breadth is of the
order of at least the atmospheric scale height, or about & km, whereas the
radial wavelengths are of the order of 60 m. Direct calculations (Ref. 5)
of the effect of diffraction on the HEMP observed from the Kingfish event
in Operation Fishbow! (a rather severe geometry) showed that the change in
amplitude was less than 1%.



The derivations of the outgoing wave equations given here are
similar to those applied in lasers. In fact, the generation mechanism of
the HEMP can be regarded as a free-electron laser.

2.6 SOLUTION OF THE OUTGOING WAVE EQUATION

In this section we derive some elementary properties of the
solution of the planar outgoing wave equation (8). The spherical form,
equation (13), could be used with 1ittle increase in difficulty.

Consider a nuclear burst at, say, 100 km altitude, and a ray
that sliopes downward to the ground. As the gamma shell moves outward,
increasing r, the air density is at first too small to make a significant
number of Compton electrons, so that Jy is effectively zero. The air
conductivity produced by the few Compton electrons is also insignificant.
Hence the right-hand side of equation (8) is effectively zero, aﬁd there-
fore Et remains equal to zero.

When the ray reaches about 50 km altitude, there is enough air
to make a few Compton electrons and a weak Jy, which produce a weak o.
Since E¢ will also be still weak, the term oEy is doubly weak compared
with J¢, and can be neglected at first. The solution of equation (8) in
this region is then

o (rT) = = 22 f 3y(r!,Thdr? . (15)

Note that the integral here has to be done for each retarded time T that
we wish to consider. However, since T is just a constant parameter in the
integral, it is clear that the pulse shape of Et in T will be the same

as that of Jy, provided the pulse shape of Jy changes little as r

increases.



Now the air density increases approximately exponentially with
r, so that the density of Compton electrons does also., Therefore,

3,(r,T) = Jo(T) exp(r/n') . (16)

Here h' is the scale length of the atmosphere as seen by the sloping ray,
h' = h/cose , (17)
where h is the atmospheric scale height,
h 6.6 km , (18)

and 8 is the angle of the ray with respect to the vertical. With the
exponential dependence of Ji, the integral in equation (15) is easily
performed, with the result

E,(r,T) = - %Q ht 3y (r,T) . (19)

As the ray goes deeper into the atmosphere, it may happen that
the term ofy is no longer negligible compared with J; in equation
(8). This 1is bound to happen if the gamma flux Fy is sufficiently
large, since both J; and o are proportional to F, and equation (19)
indicates that E; is also proportional to FY if oty is neglected.
Since Ey and Jy have opposite signs (according to equation (19)) while
o is positive, the ofy term will tend to cancel the Ji term. Let us
try assuming that the cancellation is complete, so that

Et(r,T) = - Jt(r,T)/o(r,T) z Es(r,T) . (20)

10



The field Eg is called the saturated field; it is the field at which the
conduction current cancels the Compton current., It turns out that
Eg(r,T) varies only slowly with r, since both Jyand o are proportional
to the product of FY and air density. Therefore, the left-hand side of

equation (8) is approximately zero, and

Et(f‘,T) b ES(Y',T) (21)

is the 1imiting solution of equation (8) when the product of Fy and air
density is large, i.e., when ¢ is large.

Under the condition of saturation, ohmic (Joule heating) losses
take energy from the wave as fast as Compton electrons add energy to it.
The wave is continually being absorbed by conductivity and regenerated by
Compton current,

The condition that saturation be reached can be estimated by
requiring that equation 19 gives Ey at least as large as E;. The
result is that

Zgh' 1
2 —aofr,T)°

or
o(r,T) > 2/Z h' = 10-° mho/m . (22)

This is a quite low conductivity. At this conductivity, the attenuation
rate is, from equation (10),

"



.Z;.g.‘i = 1/h' o~ 107*/m . (23)

For wavelengths in the HEMP of the order of 60 meters, it is easy to show
that there is little reflection of the outgoing wave from such a conduc-~
tivity. For larger conductivity, i.e., strong saturation, the wave is
absorbed and regenerated by the Compton current, so that reflection makes
little difference.

Note that the saturated field, equation (20), does depend on the
retarded time T. The reason is that J¢y, as a function of T, rises to a
maximum and then falls, whereas the secondary electron density, and there-
fore o, continues to rise throughout the Compton current shell, Thus Eg
decreases with increasing 7. The earlier in the pulse that saturation is
reached, the larger is the peak value of the HEMP., Since o is smaller at
earlier T, equation (22) shows that larger gamma flux is required to pro-
duce saturation at earlier T.

When the ray reaches about 30 km altitude, it has traversed one
mean free path for Compton scattering of the gammas. The production of
Compton current is maximum at this altitude. As we proceed to lower alti-
tude, the flux of unscattered gammas decreases rapidly. Once-scattered
gammas also make some Compton current, but this is produced mostly after
the conductivity has already built up, so the fields produced by scattered
gammas are mostly absorbed.

Eventually, the ray reaches an altitude sufficiently low that
most of the gammas have been scattered. Both Jt and ¢ have again become
too small to either build up or attenuate the HEMP further, and equation
(8) indicates that E¢(vr,T) will remain constant in v, i.e., propagate as
a free electromagnetic wave. This is the altitude of desaturation. It
depends on the magnitude of the gamma flux incident cn the atmosphere.

12



Actually, the spherical equation (13) indicates that Ey will
fall as 1/r, r being the distance from the nuclear burst point, in this
region. Note that equation (13) gives the same value as equation (8) for
the saturated field, since the r-factors on the right-hand side of equa-
tion (13) cancel out when one sets the total current equal to zero.

When the HEMP reaches the ground, it is reflected. The reflec-
tion can be calculated by well-known procedures. The total fields seen by
systems near the ground are the sums of incident and reflected fields,
with appropriate time delays. Since reflection depends on soil conduc-
tivity, HEMP environments are generally given as incident fields only.

13



SECTION 3
HEMP CALCULATION BY CHAP CODE

3.1 WHAT CHAP DOES

The computer code CHAP (Ref. 4) solves Maxwell's equations in
spherical coordinates r, 6, ¢, where 8 is the polar angle measured from
the downward vertical through the burst point and ¢ is the azimuthal
angle, The angular derivatives in the equations are dropped, which
amounts to neglecting diffraction (see Section 2.5). Both outgoing and
ingoing waves are included, as well as the radial electric field E..

The geomagnetic field is put into the code in the well-known dipole
approximation. The curvature of the earth and atmosphere is included.

The gamma transport is handled by free streaming, plus a first-order
correction to include gammas that have been scattered through small angles
only, and so have small time delay. Gammas that are scattered through
large angles fall behind the others, and make little contribution to the
early HEMP,

Sample Compton electrons are injected at sequences of r's and
retarded times T, with energies and angular distributions appropriate for
Compton scattering. Their equations of motion are solved in the presence
of both the geomagnetic and HEMP fields. Energy loss and multiple scat-
tering in collisions with air atoms are taken into account. The total
Compton current density is computed by summing over the sample Compton
electrons.

The secondary electrons produced by the Compton electrons are

accumulated, Some secondaries are energetic enough to produce tertiaries,
etc, and this build-up of ionization is included with the appropriate time

14



delay (Ref. 6). From the total density of electrons, the air conductivity
is calculated by assigning the electrons a mobility that depends on the
electric field and the air density. (Reference 7 gives some details of
the conductivity calculation.) This conductivity, along with the Compton
current, are used in advancing the fields by Maxwell's equations.

Attachment and recombination of the electrons are also included,
but these have only small effects within the short time span of the HEMP
at the air densities in the source region. Avalanching, which can become
significant for large electric fields, is also included.

3.2 CHOICE OF WEAPON OUTPUT PARAMETERS

For the HEMP calculations presented in this report we have
assumed that the total gamma output of the weapon is

YY = 10 kilotons = 4.19 x 103 Joules . (24)

With the nominal gamma fraction given by Glasstone and Dolan (Ref. 8) of
0.003, this could come from a weapon with a total yield of 3.3 megatons.

The gammas emitted by a nuclear weapon have energy spectra that
range from a small fraction of an MeV to about 10 MeV. This spectrum
depends substantially on the outer materials in the nuclear device, where
the gammas are produced by neutron interactions. We have assumed that the

spectrum can be replaced by a single guantum energy,

EY = 2 MeV . (25)

The value assumed here is purely nominal.
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The pulse shape of the gammas can be fairly well characterized
by giving a rise time, a peak value, and a decay time., Realistic rise
times tend to be classified. An exponential decay rate of the order of
108 per second is unclassified. We have therefore assumed an isotropic
gamma output rate

s, =0 for T<oO,
(26)
S, = Soe'BT IMY for 10
Y sec -
where
S = 2.6 x 10" y-MeV/sec , (27)
8 = 10%/sec . (28)

The value of S, is such that the time integral of S, is equal to Yy-

The rise time in this pulse is zero, which is unclassified but also
unrealistic. However, the HEMP has a finite rise time of its own,
connected with the time needed for the Compton electrons to be deflected
by the geomagnetic field. This rise time will be apparent in the
calculated HEMP, If this rise time is longer than that of the gamma
pulse, then taking the latter to be zero should not cause too much error.

For the geomagnetic field, we have assumed the intensity at a
point on the ground underneath the burst point to be

16



By = 0.56 Gauss , (29)

a value appropriate to the central U.S5., and have assigned it an appropri-
ate dip angle (from the horizontal) of 70° at the same point.

For most of the calculations, we have used a height of burst of
H = 400 km . (30)
For this height the distances to the horizon are
slant range = SR =~ 2300 km , (31)
ground range = GR = 2200 km . (32)

Thus such a burst over the central U.S. would include most of the U.S.
within the line of sight.

In order to provide a reasonably complete depiction of the
dependence of the HEMP on ground range GR and magnetic azimuth ¢., we
have performed CHAP calculations for observers on the ground at a set of
ground ranges. These are:

GR = 0, 233, 501, 777, 1356, 2201 km ;

(33)

8c = 0, 30, 50, 60, 68, 70.2 degrees .

Here 8. is the angle of the ray with respect to the downward vertical at
the burst point. At each ground range, we have calculated for a set of

azimuths:

¢c = 0, 45, 90, 135, 180 degrees . (34)

17



Here 0° is magnetic north, 90° is magnetic east, etc. The fields for
westward azimuths (-180° < ¢- < 0°) can be obtained by symmetry consid-
erations.

The CHAP coordinate system is indicated by figure 2. The basic
coordinates are the spherical polar coordinates r, 8., ¢c. At the
observer these define three orthogonal directions ;, 5, $, right handed in
the order named. The ¢ direction is locally horizontal and azimuthal
about ground zero. The r and 6 directions are both in the vertical plane
containing the ray from burst point to observer. The 9 direction is
tipped with respect to the local vertical v by an angle 8y, which is the
elevation angie of the burst point as viewed by the observer. The angles
X¢ and xo are the magnetic colatitudes of the burst point and the
observer, respectively, and yg is the angle between burst point and
observer as viewed from the earth's center. R, is the radius of the
earth, taken in CHAP to be

Re = 6371 km . (35)

The HEMP, being a transverse wave propagating in the r direc-
tion, has electric field components Egy and E¢. 0f these E¢ is
locally horizontal azimuthal. Eg4 can be decomposed into locally verti-
cal and horizontal components,

M
L

= Ee cosa, , (vertical upward) (36)

m
L1

o Eq singg . (horizontal radial) (37)
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North Magnetic Pole

:arth Center

Figure 2. Geometric variables. Dashed curves are great circles
on earth surface. GZ = ground zero, GR = ground range.
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Relations between the coordinate quantities defined above follow
from trigonometry. Some of these relations are stated in Section 4.

For a given observer, the source region for the HEMP observed by
him is on the ray from burst point to him, at an altitude such that gammas
traveling along that ray have passed through about one Compton scattering
mean-free-path of air. For observers on or near the horizon, the source
region is at a considerable distance back along the ray toward the burst
point. The HEMP seen by an observer is determined by the gamma flux, air
density and geomagnetic field in his source region. We shall therefore
make use of the coordinates of the source region: ¢ is the geocentric
angle between it and the burst point; x5 is its magnetic colatitude;
¢s is the azimuth of the ray with respect to its local magnetic north;
and 85 is the elevation angle of the burst point with respect to its
local horizontal. The symbols are the same as for the same quantities at
the observer but with a subscript s instead of 0. In the static dipole
model of the geomagnetic field used in CHAP, the loca!l
northward-horizontal and downward-vertical components of the field vary
with xg as, respectively,

==}
i

N S'inxs . (38)

o
N

p = 2008y (39)

Here we have dropped from both equations a factor containing the inverse
cube of the distance of the source region from the center of the earth and
a normalization constant to produce agreement with equation (29) at

ground zero. We shall need only the angular dependence.
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3.3 EXPECTED ANGULAR DEPENDENCE OF HEMP

At a given ground range, the flux of gammas incident on the
source region is independent of the azimuth ¢.. We therefore expect the
build up of conductivity to be approximately independent of ¢.. The
variation of the HEMP with ¢. should be determined by the Compton
current, and in particular by the deflection of the Compton electrons by
the geomagnetic field.

The Compton electrons move radially, on the average, at birth.
The ratio Eo of their velocity to ¢ is not much less than unity in
magnitude. As a result of the geomagnetic force -e;u x §, they will
gradually acquire a transverse velocity (divided by c) proportional to

> >
B1 -~ - (Bp x B)t , (40)

+* >
where t is the time after birth. The magnetic force -eg, x B due to the
new velocity will induce an additional velocity

By = - [ (81 x B)dt - [(8g x B) x B]t? . (41)

The direction of 81 is perpenducu]ar to both r and B Thus it
is a purely transverse dwrect1on to r, and the current proportional to -31
radiates an electric field E1 ~ 31. Actually, since electrons are born
continuously after T = 0, so that their number is proportional to T, we
expect

> >
~ - (Bg x B)T® . - {42)

The angular symmetry of this field is that of a magnetic dipole.
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The direction of 82 is perpend1cu1ar to both 81 and B In
general, it has a part parallel to r and a part perpendicular to r The
latter part is of 1nterest since the current proportional to - 82 l_a]so
radiates a field E2 - (Bz 1s or

> > +> > 3
E2 - [(Bg = B) x BJlT . (43)
The angular symmetry of this field is that of an electric quadrupole.

Since there are only two independent directions transverse to ?,
iteration of the procedure that produced equations (40 and (41) yields no
new field components, but only higher-power corrections to the time
dependence of El and Ez. We are interested here in the angular
dependences.

These angular dependences are expressed more simply if the

geomagnetic field is decomposed into its local r, 8 and ¢ components. Let
these be B, By and B¢ respectively; expressions are given for them

in Section 4., Then working out the cross products gives

(44)

and

Ero " BoBr » Epg ~ BB, - (45)

The geomagnetic field components here are to be evaluated in the source

region for each observer. We shall see that these angular dependences
agree well with the CHAP results.
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3.4 CHAP RESULTS FOR 400 KM HEIGHT OF BURST

Figures 3 through 20 show the CHAP results for the height of
burst of 400 km, for various ground ranges GR and magnetic azimuths PHI.
The fields shown are the electric field components Eg and E¢, plus the
magnitude (E3 + Ei)l/z. The units are MKS. Solid curves indicate a
positive field, dashed curves a negative field.

Accompanying the electric field is the EMP magnetic field, with
components

again in MKS units, where ¢ = 3 x 10% m/sec, the speed of light.

The efficiency of conversion of gamma energy to EMP energy is
indicated on the E-mag figures, for the largest pulse on the particular
figure. The efficiency is always less than 100%, of course. Contributing
to inefficiency are the following facts. First, only about half of the
gamma energy is transferred to the Compton recoil electron, on the aver-
age. Second, the Compton electron loses some energy in collisions with
air molecules. Third, the air conductivity absorbs energy from the EMP.
The last of these effects is very pronounced for intense gamma flux, where
the EMP is saturated over many kilometers in altitude. This accounts for
the low efficiencies at the smaller ground ranges in the present case.

The maximum efficiency, 6.0%, occurs for the observer on the horizon in
the present case. We believe this efficiency could be raised to about 10%

by optimum choice of gamma yield Yy.
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Efficiency = 0.15% for PHI = 180°
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Efficiency = 0,60% for PHI = 180°
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Efficiency = 1.4% for PHI = 135°
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Note that the pulse is shorter for smaller ground range. This
again comes from the higher air conductivity that builds up rapidly at the
lower desaturation altitudes for intense gamma flux, The shorter pulse at
smaller ground ranges contributes to inefficiency at these ranges.

Note that E¢ is considerably larger than E4 for most
observers. This comes from the rather large dip angle of the geomagnetic
field, which makes its vertical componient considerably larger than its
horizontal component.

Finally, note that the peak of the pulse occurs at a time of the
order of 10~° second after onset, or a little earlier at small ground
ranges. As stated in Section 3.2, this time delay comes from the finite
time required by the Compton electrons to acquire a significant transverse
velocity. We conclude that use of zerc rise-time for the gamma pulse is
an acceptable approximation for the cases considered here,

3.5 RESULTS OF CHAP CALCULATION FOR 200 KM HEIGHT OF BURST

As an excursion from the foregoing cases, we ran one CHAP calcu-
lation for a height of burst of 200 km, This was for 6. = 60°, ¢ =
180°, corresponding to an observer at a ground range of 365 km to the
south of GZ. The results are shown in figures 21 through 23, Note that
the electric field is almost entirely Ey (westward horizontal in this
case), and that the peak value of E¢ is approximately 50 kV/m. The
pulse is, of course, quite short for this strongly saturated case.
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Efficiency = 0.26%
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SECTION 4

ANALYTICAL FITS TO 4CC KM ENVIRONMENTS

In order to provide environment data suitable for use in numeri-
cal calculation of the coupling of the HEMP to electrical and electronic

systems, and to provide for interpolation between the observers in the

CHAP calculations, we have made analytical fits to the CHAP results for
400 km height of burst. The method of using these fits is explained

here, Input constants for the formulae are:

Re = 6371 km = earth radius ;

H = 400 km = burst height ;

X = 36.05° = magnetic colatitude of GZ .

The user begins by selecting an observer at:

GR

i

ground range, km ;

1

bc magnetic azimuth, -w < ¢c.5 T .

(48)

(49)

(50)

(51)

(52)

Note that ¢. is the magnetic azimuth at GZ of the great circle passing

through GZ and the observer. An observer on the same magnetic latitude
Tine as GZ but at a large distance to the east has a ¢, somewhat less

than 90°. The user then calculates:
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¥g = GR/Re = geocentric angle of observer ; (53)

Resin\r0
6, = arctan [ ] = CHAP o ; (54)

“H+ Re(l - cos¥y)

04 =.% - (8, + o) = burst elevation angle at observer . (55)

The next step is to locate the source region for this observer.
This is done on the assumption that the height of the source region is 40
km. This is correct for observers near the horizon; at smaller ground
ranges the height makes little difference. Calculate:

¥, = arcsin {(;EL;”EE) sinec] - 6. = geocentric angle of source region ;
e (56)
o, = %.~ (8. + %) = burst elevation angle at source region 1 (57)
Xg = X, = ¥,COSé. = colatitude of source region ; (58)
6, = 6.+ ?Scotxcsin¢c = azimuth of ray in source region .  (59)

The last two equations here are approximate, correct to first order in
¥¢. These results are then used to calculate the components of the
local geomagnetic field in the source region in the CHAP coordinate
system. These are:
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b = sinxscosescos¢s + ZcosxssineS ; (60)
be = sinxssmescosq;S - ZcosxscosaS : (61)
b¢ = - sinysing, . (62)

The components of the HEMP electric field are then:

Ee = F(T)b¢ + G(T)bebr : (63)

E¢ = - F(T)ba + G(T)b¢br . (64)

The first term in each case is the magnetic dipole part, and the second
term is the electric quadrupole part. The time functions are, for T > O:

ST BTy

nﬁz(Tde)
F(T) = [l-e J[Ae HA1#Ap BT T B)e

15 (65)

- 2 . -
(T/7_) Bq(T Tq)

Ty =[1-e 9 he

q (66)

The parameters in these formulae are listed in table 1 as a function of
ground range. Linear interpolation is to be used between entries in the
table.

The first factor in each of the time functions governs the rise
of the fields. In both cases, this factor starts out proportional to T2,
which is proper for the magnetic dipole part. The electric quadrupole
part starts out as T3, but for simplicity we have used the same form. The
quadrupole part is generally small compared with the dipole part.
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100
200
300
400
500
600
700
800
900
1000
1100
1200
1300
1400
1500
1600
1700
1800
1900
2000
2100
2200

0.
0.
0.
0.
0.
0.
0.
0.
0.

[ee]

2 e e = e e e O O O O O O

Table 1.

540
485

450

460

500

545

590
636
680
724
.768
.814
.860
.905
.945
.990
.028
.060
.088
.108
120
131
.140

Fit parameters for H = 400 km. The units of Ty
and Tq are shakes (1 shake = 10-8 sec). The
units of 51, 32 and 8

A1, Ag1, Ayp and Aq are 10* V/m.

1.000
0.970
.895
.745
.560
435
.348
.285
.240
.200
.170
.148
.130
115
.100
.092
0.086
0.080
0.074
0.069
0.064
0.059
0.054

o

O O O O © O O O ©C O O O

o

2.838
2.793
2.714
2.595
2.437
2.273
2.120
.000
.900
.810
.730
.652
574
.500
.438
1.390
1.346
1.308
1.271
1.237
1.203
1.172
1.140

R e o e e Y

0.100
0.130
-0.098
-0.248
-0.311
-0.295
-0.057
+0.527
0.845
0.919
0.948
0.959
0.967
0.965
0.963
0.962
0.951
0.942
0.925
0.907
0.885
0.862
0.834

49

are shake-!.

0.166
0.670
0.998
1.019
0.986
0.921
0.737
0.355
0.139
0.070
0.023
-0.010
-0.041
-0.065
-0.088
-0.110
-0.126
-0.145
-0.159
-0.172
-0.182
-0.191
-0.198

0.590
0.520
0.480
0.500
0.590
0.670
0.716
0.762
0.810
0.858
0.905
0.953
1.000
1.048
1.096
1.140
1.182
1.223
1.260
1.292
1.320
1.338
1.350

The units of

3.22
1.50
1.00
0.84
0.69
0.57
0.44
0.33
0.25

0.190
0.148

0.125
0.108

0.088

0.078
0.070
0.066
0.062
0.059
0.056
0.053
0.050
0.047

0.0785
0.086
0.097

- 0.110

0.126
0.144

- 0.161

0.169
0.171
0.171
0.169
0.167
0.164
0.161
0.157
0.154
0.151
0.147
0.144
0.141
0.138
0.135
0.132



For this reason we have used two decaying exponentials to fit
the dipole part, but only one for the quadrupole part.

The dipole part was determined by fitting the CHAP E, at
¢c = 0° and 180°. The quadrupole part was determined by fitting the
CHAP Eg at ¢c = 0° or 180°, whichever was larger. The fields at all
other azimuths are then fixed.

Fields calculated from the fits for the CHAP data points are
shown in figures 24 through 35. The scale in these figures has been made
the same as in figures 3 through 20, so that a Xerox copy of the present
figures can be laid over the earlier ones to facilitate comparison. Com-
parison with the CHAP results shows that the fits are reasonably accurate
down to about 10% of the peak value of the fields. This is all that was
attempted, and should be sufficient for any reasonable application,

Recall that equations (36) and (37) can be used to decompose

Eg into vertical-upward and horizontal-radial parts. Eg4 is already
horizontal-azimuthal.
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SECTION 5
JUSTIFICATION OF CHAP RESULTS

In this section we examine the Compton current, air conductivity
and electric field calculated by CHAP at four altitudes in the source
region. This is done for H = 400 km and the observer at ground range of
777 km (8. = 60°) and §. = 180°. We show that these quantities are
consistent with each other and with the physics of the outgoing wave
theory.

5.1 THE COMPTON CURRENT

Table 2 lists relevant parameters for the four altitudes, which
are given in the first column. The air density is o, and M is the mass of
air per cm?® traversed by the ray in reaching the given altitude. This was
calculated using the burst elevation angle from the source region Bg =
23.64°, sinog = 0.401. (Actually, this number varies slightly with
altitude.) SR is the slant range from the burst. The mean free path Ay
for Compton scattering of 2-MeV gammas is 22 gm/cm®., From the total
number of gammas N, emitted by the weapon (N, = 1.3 x 10%%), the total
density Ny of birth places of Compton electrons, from first scatter of the
gammas, is calculated from the formu1a'(in consistent units)

N -M7/ A
Ng = b 2@ 7

(67)
4nSR® Xy

This density is approached for T > 1/8 = 10~ sec. (See equation (26).)
At early times, the density of birth places is

Nb(T) =~ NggT . {68)
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Table 2. Parameters associated with four altitudes.

Alt., km p, gm/cm3 M, gm/cm2 SR, km Ng, w3 Jg s Afw?

51.8 8.48E~7 1.65 764 .4 6.35E7 3.05E-3
35.5 7.91E-6 13.7 805.1 3.09E8 1.48E-2
24.1 4.63E-5 74.6 824.7 1.08E8 5.18E-3
20.6 8.16E-5 129.4 842.2 1.51E7 7.25E-4

If the density Ny of electrons were moving at the speed of Tight, it would
make a current density

Jo = Noec = 4.8 x 10"** Ny A/m? (69)

which we call the reference current density. Ng and Jy are listed in
Table 2.

Figure 36 shows Jy as a function of retarded time at the four
altitudes. The short horizontal bars near the maxima of the curves are
the values of Jy. At the highest altitude, the maximum of J, is a
Tittle larger than Jy. This occurs because the density N. of Compton
glectrons is higher than the density of birth places because of their
radial motion,

No = No/(1 - 8,) . (70)

Because 8, is near unity at early time, the average of 1/(1-8.) can be
greater than 10 at early time. This is explained in Reference 9. The
maximum of the transverse current occurs before the electrons have been
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turned through 90°, so that 8, is still positive at this time, At pro-
gressively lower altitudes, the maximum of J, becomes progressively
smaller than Jgy because of multiple scattering and energy loss of the
Compton electrons.

Reference 9 gives an analytical theory of the initial rise of
the transverse Compton current. For an impulse source of gammas of energy
2 MaV, J¢ at early time is given by

.J¢ = 44 ,8Jy00T , (71)

where wg is the gyro freguency
wog = eB/m = 0,92 % 107 sec~? in present case . (72)

Here m is the electron rest mass and e its charge. With our continuous
gamma source after T = 0, where the density of birth places is given by

equation (68), the expression for Jy at early times is

J, = 44.809(BT)(weT)/2 . (72)

b

The sloping lines in figure 36 at early times are drawn from this formu-
la. It can be seen that for the higher altitudes the J¢ computed by
CHAP are only slightly less than this formula. At lower altitudes, the
effect of multiple scattering is already substantial at retarded time of
10-? sec. The actual age of Compton electrons is about 10 T at these
early times. Thus the CHAP Compton currents are well justified,

5.2 THE AIR CONDUCTIVITY

Figure 37 shows the air conductivity computed by CHAP at the
four altitudes. The conductivity is given by



o, MHO/M

lllllillllllll 2 l
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Figure 37.
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Time (ns)

Air conductivity at four altitudes.
6R = 777 km. PHI = 180°.
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g = Neeu . (73)

where Ng is the density of secondary electrons and p is their mobility.
The mobility depends on the electric field (which Joule heats the second-
ary electrons) and on the air density. If u were independent of E, the
sigma curves woud be proportional to 72 at early times: This follows from
the fact that the density of Compton electrons is proportional to T, and
each of these is ionizing at a constant rate, so that Ne = T?, Because

u decreases with increasing E, o rises less rapidly than T2,

We shall examine the magnitude of the conductivity at 35.5 km

altitude and at T = 10-8 sec, which is

]

o = 1.05 x 1077 mho/m . (74)

3

Figure 38 gives £ = 3.2 x 10* V/m at this altitude and time. From table 2
the air density is 6.4 x 10-3 atmospheres, so that

E/fp = 5 x 10% v/m/atmos . (75)

Note that this value of E/p is in the avalanche region, in which the
ionization rate per electron is greater than its (two-baody) attachment
rate. However, experimental data of Davies (Ref. 10) shows that, at the
low air density just stated, the icnization rate per electron is only 1.3
x 107 /sec--not quite large enough to have a substantial effect on the
electron density in times of the order of 10-% sec. (There is a
noticeable effect of avalanching in the conductivity curve for 51.8 km,
beginning at 2 x 10~% sec.)

68



For the value of E/p given by equation (75), Reference 1C gives
the value of the mobility, for the present air density,

"= 6.4 ;LZ? /(;“‘1) ) (76)

In order to produce the conductivity of equation (74), equation (73) then
requires an electron density of

N, = 1.03 x 101} /m3 . (77)

Let us see if this is the correct number of secondaries made by the
Compton electrons by a retarded time of 10-% sec. At this time, the
density of Compton birthplaces is

N, = (1 - e BTNy = 0.63Ny = 1.95 x 10%/m® , (78)

and 'the average density over the time span is about half of this. The
average density of Compton electrons is about 10 times that, or

N; = 9.8 x 10%/m3 . (79)

In sea level air, Compton electrons make about 66 ion pairs/cm, or 2.0 x
10* ion pairs per 10-8% sec. At the air density for altitude of 35.5 km,
the ionization rate of a Compton electron would be about 128 ion pairs per
10-% sec. However, this number includes all of the ionization produced by
the Compton electrons and their more energetic secondaries. (See Ref. 6.)
The primary ionization is only 40% of this. Reference 6 indicates that,
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at 10~% sec for the relevant air density, the jonization will be 78%
complete. Thus the jonization per Compteon electron by 10°% sec will be

Ngp ~ 100 fon pairs/c.e. (80)

Multiplying this number by'ﬁC gives

Ny = 9.8 x 10'%/m® (81)

within 5% of the number given by equation (77) required to make the con-
ductivity computed by CHAP. Thus the CHAP conductivities are well justi-
fied, at Isast at this one point.

5.3 ELECTRIC FIELDS
The electric fields at the four altitudes are shown in figure

38. In order to help in understanding these results, we have graphed the
ratio J¢/a, the saturated field, in figure 39.

The conditicn for saturation at altitudes where the ray has
traversed less than one gamma mean-free-path (22 gm/cm?) is given by equa-
tion (22). In the present case

h* = 6.6 km/0.401 = 1.65 x 10" m . (82)
Thus equation (22) becomes

o> 3.2 x 107 who/m . (83)
According to tabkle 2, the two highest altitudes are above the 1 mfp point.
According to figure 37, E¢ should saturate at about 4 shakes and 2
shakes at the 51.8 km and 35.5 km altitudes, respectively. Comparison of

figures 38 and 39 shows that this is indeed the case,
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The condition for desaturation is that the attenuation length be
Tong compared with i, (in meters), the distance in which the
-1

conductivity will drop by a factor e At the two lower altitudes,

according to table 2,

= 4,75 x 10° m at 24.1 km ,

>
{

(84)

#

2.70 x 10° m at 20.6 km .
Thus the condition for desaturation before these altitudes are reached is

1.1 x 10-° mho/m at 24.1 km ,

o € Z/ZQXY
(85)

2.9 x 10~° mho/m at 20.6 km .

Figure 37 shows that this condition is well satisfied at all of the
graphed times at 20.6 km. The conductivity is too small at this altitude
to attenuate significantly the EMP that has been produced at higher
altitude. This is fortunate for the EMP, since the saturated field is
lower at this altitude. More intense gamma flux would reduce the EMP at
the later times. This is the reason why the EMP is a short pulse at the
smaller ground ranges in our nominal set of environments.

At 24.1 km, equation (85) is not well fulfilled at the later
times graphed. That is why E¢ is decreasing at these times and at this

altitude, as seen in figure 38.

Finally, let us check to see that there is enough Compton
current at early times to produce the E¢ calculated by CHAP. Choosing
a time of 10-% sec, we normalize the Compton current to its value at 35.5
km. From this altitude upward, J¢ should be proportional to (see
equation (67))
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-M/ A
M/,

3y ’i" e , (86)
Y

since multiple scattering has not had a pronounced effect at 10-% sec at
these altitudes. The constant of proportionality can be fixed by writing
~(M~M1)/AY

J, = N P e , (87)
1

where the subscripts 1 refer to quantities at 35.5 km. Then using
equation (15) (which neglects conduction current), we find

-(M-My) /2
Ly J [P e (4-M1) Ydr
¢ 2 Py

m
]

Zo A -(M-My) /A
= J ~1-f-9m e Y
2 P AY
, A
=50 9, Y at 35.5 km . (88)
2 P1

Using Ay = 22 gm/cmz, and p; = 7.91 x 10-° gm/cm? from table 2 gives

A

=278 x10%cm=12.78x10"m . (89)
1
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Then using J; = 7 x 10-3 A/m? from figure 36 gives

E¢ = 3.7 x 10" V/m at 35.5 km . (90)

This is a little larger than the value 3.2 x 10" V/m read from figure 38
at 1 shake. Air conductivity has just begun to have a significant effect.

Thus the relation of the CHAP E4 to Jy and o is at least
approximately in agreement with the outgoing wave theory. Actually, CHAP
is probably a little more ACcurate than the outgoing wave theory, since it
includes ingoing waves.
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SECTION &
FOURIER TRANSFORMS AND CONTOUR PLOTS

Fourier transforms of the HEMP fields are of direct practical
use only for systems that are known to respond linearly to the HEMP. Even
then, their principal utility is for narrow band systems, e.g., some
antennas., Figure 40 shows the amplitude of the Fourier transforms of
several of the Eg fields calculated by CHAP. It is seen that there is
substantial variation in the transforms, as there is in the time-domain
fields.

To offer a more graphic view of the dependence of the HEMP on
range and azimuth, figures 41, 42 and 43 present contour plots of the peak
values of E¢, Ey and E,. Generally, these peak values tend to
decrease with increasing range, in addition to varying with azimuth. How-
ever, the pulse length increases with increasing range. Figure 44 pre-
sents a contour plot of fE¢dt, the impulse associated with the principal
component E¢ of the HEMP. This quantity, which is significant for the
coupling to long lines, is seen to increase with increasing range out to
the horizon.
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Observers:
1 H=1400 km, GR = 0, ¢, =0
2 H =400 km, GR = 233 km, ¢. = 180°
3 H =400 km, GR = 501 km, ¢, = 180°
4 H =400 km, GR = 777 km, ¢, = 180°
5 H =400 km, GR = 1356 km, ¢, = 180°
6 H =400 km, GR = 2201 km, ¢, = 180°
7 H =200 km, GR = 365 km, ¢, = 180°
Figure 40, Amplitude of Fourier transforms of E’ for various

observers,
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Figure 41.

Contour plot of the peak value of the azimuthal
electric field Ef’m Numbers on the contours
0

are in units of V¥/m. The outer circle is the
horizon at 2200 km ground range.
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Figure 42. Contour plot of the peak value of the vertical
electric field E,. Numbers on the contours are
in units of 10® V/m. The outer circle is the
horizon at 2200 km ground range.
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Figure 43. Contour plot of the peak value of the horizontal
radial electric field E umbers on the

contours are in units of 10 V/m. The outer circle
is the horizon at 2200 km ground range,
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Figure 44. Contour plot of the impulse gE dt. Numbers on the
contours are in units of 10~ $ sec/m. The outer
circle is the horizon at 2200 km ground range.
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