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ABSTRACT

"~ Dispersive effects of the ionosphere impose constraints
on satellite electromagnetic pulse (EMP) sensors for nuclear
explosion detection., Dispersion is more effective than ab-
sorption in reducing the EMP hazard to soft low-altitude satel-
In this report, an estimate of the EMP in the time domain
is obtained by convolving a truncated Fourier series approxi-
mation of the source signal with the impulse response function
of the ionosphere.
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IONOSPHERIC MODIFICATION OF THE
ELECTROMAGNETIC PULSE
FROM NUCLEAR EXPLOSIONS

INTRODUCTION

The most intense high-frequency electromagnetic pulse (EMP) from a nuclear
explosion results from the turning of the gamma ray-produced Compton electrons by
the geomagnetic field. The radiated signal consists of a pronounced single pulse of
a few shakes duration followed by a low-amplitude tail lasting several microseconds,
Superimposed on this low-amplitude tail are long-duration contributions resulting
from air or ground asymmetry effects, By the time these components develop,

however, the geomagnetic .pulse is largely completed.

As the pulse travels it undergoes changes, depending on the electrical propertie
of the medium through which it propagates. Because the ionosphere reflects back to
earth EM field components below a nominal 10 MHz, and because the ionosphere
partially absorbs those components above 10 MHz that are transmitted, the appear-
ance of the pulse must change. However, the pulse waveform is more significantly
affected by the dispersive characteristics of the ionosphere; i.le. , phase and group
velocities of the signal components vary with frequency. Therefore, substantial
changes in the spectrum of the EM pulse propagated through the ionosphere would be
expected. This report is concerned with an approximate time history of the stretchec
out and attenuated turning EMP after transionospheric propagation. Propagation of
the lower-frequency components resulting from air or ground asymmetry effects is

not considered because of the high-pass characteristics of the ionosphere,

Most of the papers in the literature relating to distortion of the envelope of a
pulse of radio waves after ionospheric propagation are restricted to a consideration
of quasi-monochromatic or impulsive-type sources, Examples of quasi-monochro-
matic pulses are the cutoff sinusoid discussed by Ginzberg1 and the Gaussian-
modulated pulse considered by Wait.2 In each case most of the signal energy is con-

tained in a very narrow spectral region centered at ws the carrier frequency.



Dispersive effects of the ionosphere on the transmission of impulsive-type
signals have been described by Sollfrey3 and by Karzas and Latter.4 Sollfrey dis-
cussed a delta-function pulse, a broad-band pulse the spectrum A{w) of which can
be considered to be constant over a narrow bandwidth. On the other hand, Karzas

 and Latter considered a source with a time dependence of the form
(1) = K(1 + tanh or) exp[-B7], (1)

where K and B vary with burst altitude, « is the gamma-ray rise time constant,

and T = t - r/c is the retarded time. The form of the signal after propagation
through the ionosphere was found by the method of steepest descent on the assumption
that the ionosphere had a constant electron density., However, of more relevance to
the present paper is the study by Price et al, ,5 who spectrally decomposed the source
signal and then used a stationary-phase (or saddle-point) analysis to obtain the form
of the individual signal components after dispersive propagation. These components

were reassembled prior to detection.

In the analysis whichfollows the geomagnetic (or turning) signal is first ap-
proximated by a function of finite duration, i.e., a bounded function that is identically
zero outside an interval of finite length., The periodic extension of this function is
then approximated by a truncated Fourier series. By this artifice the geomagnetic
signal is represented by a finite series of cutoff sinusoids. An estimate of the dis-
persed signal is obtained by first considering separately the distortion resulting from
propagation through a dispersive channel of the separate quasi-monochromatic com-
ponents, then reassembling these components to obtain an estimate of the signal
envelope. By characterizing the ionosphere in terms of a quadratic phase function
the composite signal can be approximated by a sum of Fresnel integrals. The saddle-
point analysis requires that the phase variation of the source signal be slow relative
to that introduced by the ionosphere. This restriction is not applicable to the tech-

nique described here.

In order to simplify the analysis, the birefringent effect of the geomagnetic field
is neglected and the amplitude function of the ionosphere is regarded as a constant
over the frequency range of interest. In addition, the ionosphere is considered to be
homogeneous and isotropic, and energy absorption from electron collisions in the
ionosphere is not considered. Despite these simplifying assumptions, the salient

features of dispersion theory are retained in that a source transient of a few shakes



duration is distorted in propagation and becomes a waveform whichlasts for many
microseconds and is significantly reduced in amplitude, In fact, the effect of dis-
persion is 50 pronounced compared with the effect of absorption that the additional
complexity introduced by taking into account the conductivity of the ionosphere is

not warranted,

As a consequence of the EMP degeneration, it appears that the EMP threat to
soft low-altitude satellite systems is appreciable mitigated, Also, it may be con-
cluded that the waveform is so radically altered by transionospheric propagation
that broad-band techniques would probably be ineffectual for diagnostic studies which

utilize EMP sensors aboard surveillance satellites,

EFFECT OF IONOSPHERIC PROPAGATION

After propagation through a dispersive medium characterized by the transfer
function F(w), the signal, on suppressing the spatial variation, is given by

o

e(t) = e (T) * L F(w) exp [ jwT] dw, (2)

-0

where es('T) is the undispersed signal, It is understood that the undispersed signal

is of duration T and, therefore, can be represented by its periodic extension

[--]

e ) =Z e, (\+KkT), (3)

k=-= ©

where

e, ) = e () [UO) - v - T].
(o]

Then, by defining w = 21/T, eS(A) can be written in the form of a uniformly

convergent Fourier series:

<0

e = 3 D,_exp (i) . (4)



The Fourier coefficients are given by
T .
=1 .
D, =% f e () exp(-jkw A) di. (5)
o

Because es(l) has a finite mean squared value, it can be approximated by a trun-

cated series which, by setting ) < q)k = 2D takes the real form6

k'

K
es()\) mc ot Z ¢, cos (kwo)\ + (bk). (6)
k=1

The constant tern\1, co » represents the mean value of the function and, because it
represents a dc energy term which cannot be propagated, does not affect the overall
pulse shape, -Further, the appearance of such a dc term is merely a concomitant
feature of the mathematics used, and not a physically realizable process. Deleting

the constant term, the undispersed signal is obtained as

K ¢, T 8T
. R k T k T
e =D o) sinkayr [U( T omk T 4k)' U('r T omk T ik T)] ()
k=1
which is recognized to be a sum of cutoff sinusoids,

From (4), the Fourier transform Es(w) of es(}t) is the sequence of equidistant

pulses
Es;(w) = 27 Z Dkﬁ(w— kwo) (8)

distance ) apart. The effect of introducing the step functions in (3) is to broaden
the spectrum in the neighborhood of kwo; i. e., the cutoff sinusoids (7) are only
quasi-monochromatic. In the vicinity of kwo =W, the transfer function can be

approximated by

Flo) ~ | Fly)| exp [-i0()] . C)



For simplicity, assume the amplitude function, ] F(wk)l » to be slowly varying com-
pared with exp[-jf2(w)] in the neighborhood of w, and expanding §(w) in a Taylor
series about Wy truncating the series beyond the term containing the second

derivative,

R ~ Blw) + (- w) Pl + 3 (w- 0 ff 07w, (10)

If | F(wk)l is considered a constant, it can be shown that the impulse response of

. , . P 7
the ionosphere in the neighborhood of w, is given by

2
1-j : 7 : [Q'(“’k) ) t]
ﬂ”“??*“%ﬂﬂ@b@ﬁ'“”ﬁ” Ty “PY Ty (1 @Y

The k-th term of the dispersed signal of obtained by convolving (7) with (11) is

given by
' A
N 2 ! 7 2
J1-3 J7 [ _ ] . (R ~2)
e ()~ -4 JW | Flw)| e, exp{J W T - e, ) expij ~5grr—( A\,
A\
L (12)
with limits
& ¢
T _ k T
MET e, Tdk ad Xy =T o=t T
k k
It is convenient to denote time, ek, measured from the arrival of the k-th signal
component as
%
= r . K _T 4
O = 7 o, I Q (wk). (13)
It should be noted that £’ (wk) is now identified as the harmonic steady-state group
delay, i.e.,
5.3 x 10°°
0’(wk) = ;Tdes (MKS), : (14)
“k



where the integral is the total electron content (TEC) integrated over the propagation
8 < . .
path.” From the form of (13), then, it is obvious that Sk decreases as k increases,

showing that the higher-frequency components arrive earlier, as should be expected.

By defining a characteristic time

Tks"nﬂ”(wk) s (15)

where the dispersion, Q"(wk), is given by

N
0%w) = 2 Q'(w), (16)
k
- and setting
ﬂ’(wk) -
20’7(wk) = X, (17)

the integral in (12) can be written
Ay @ - 3 (6)-(TV T, ,
[ exp{j -TQ_”_I dx =f exp(jmx /2) dx, (18)
-6/ Tk

which is recognized to be the complex Fresnel integral, Suppressing the carrier

term, the envelope of the k-th component is obtained as

() )

THE DISPERSED ELECTROMAGNETIC PULSE

Iek(T)l =L IF(wk)I Ck (19)

vz

Rather than the time dependence given in (1), for convenient calculational

purposes, we assume a time dependence of the form

£ (7) = (exp[-a7] - exp [-b7] ) U(r). | (20)

10




This function has the disadvantage that its derivative is not zero at T = 0; otherwise,

it is well-behaved. The maximum occurs at

. (21)

Although it can be argued that the spectral energy partition associated with the
difference of two exponentials may very well depart significantly, particularly at
early times, from that of a more realistic representation of the geomagnetic signal,
it is believed that the gross distortion caused by the ionosphere can be illustrated

by an elementary function,

Following the sequence of arguments leading to Eq. (6), fo('r) may be approxi-

mated by the function

K
£,(r) = c  + Z ¢, cos (wk'f + ¢k) - [Ulm) - utr - ™], (22}
k=1
where
¢, = o% (t - exp[-aT))- = (1 - exp[-bt]), (23)
2 b ?
= & —-a -aT)-1) + | ——m——r0 -bT] -1
°k ° T a2+wi (exp[a] ) b2+w12{ .(e"p[ ] )
(24)
2)1/2
“k “x
+ --———az " wi (exp faT]- 1) - b——z " wi (ex'p[-bT] - 1) ,
and
o1 % (b2 + wlzc) (exp [—aT] - 1) - wk(az + wlz{) (exp[—bT] - 1)
by = tan T 2 2 2 (25)
-a(b + wk)(exp[-aT]— 1) + b(a + wk) (exp[-bT] - 1)

As an exercise, a CDC 6600 digital computer was used to determine a number

of values of T, a, and b, subject to an arbitrarily chosen criterion that

[T[fl(ﬂ]z dr 2 0. 9[w[fo(fr)]2 ar; (26)
o ()



i.e., that fl(t) must contain at least 90 percent of the integral energy content of
fo(t). Standard Gaussian digital integration techniques were used, The parameter
"T" was set at 1, 0 arbitrary time units (there is no loss of generality), and values
for "a" from a = 1/T to a = 10/T were tried in integral increments. For each
choice of "a", there were 16 corresponding cases chosen for "b", ranging from

b = 1.5a to b = 9. 0a, in incrementsof0, 5a, Physically, the choices of "a'" corre-
sponded to a series of pulses with increasingly sharp rises with increasing "a",
while the corresponding choices of "b" within an "a' category produced increasingly

sharp falls with increasing "b".

Of 160 cases integrated and approximated on the digital computer, 143 produced
fl('T) with the required 90-percent total square integral content compared to the corre-
sponding fo(T). Those cases in which fl('r) was not a valid approximation of fo('r)
in the required sense were 16 cases of a = 1/T and the single case of a = 2/T,

b = 1,5a, all of which represent the lowest rising and decaying cases under con-
sideration, and correspond poorly to waveforms usually associated with the EMP
from a high-altitude burst, For all the 143 cases considered, it was discovered that
suitable fl('r) could be obtained in all cases for K < 6. This implies mathematically
that the Fourier series for fo('r) is rather rapidly convergent for the pulse shapes
under consideration, As expected, the shorter and sharper the pulse shape, the more

terms are required for a suitable fl('r) approximand,

Figure 1 illustrates a five-term approximand obtained by periodic extension for
representative values of a, b, and T, The plot of amplitude versus time was gen-
erated on a Stromberg Datagraphix 4020 plotter. The pulse fo('r), less its average
value, is represented by the plot symbol A, and the approximand, f 1(1‘), with C
suppressed, is represented by the plot symbol o, The square integral values for

fo('T), fo('r) terminated at time T, and f1 (T) are denoted at the bottom of the plot by

"true energy," "app. energy,” and "series energy," respectively. The suppressed
value <, is also labeled in addition to the number of terms used to create fl(‘T). It
should be noted that, because f1 (7) is periodic, it diverges markedly from fo(‘T)
near t = T. For comparison purposes, Fig. 2 shows a ten-term approximation to
the double pulse., It should also be noted that the peak amplitude of the approximand

in Fig. 2 more closely approximates that of the original pulse.

At this point it is appropriate to comment on the specific values assigned to the

parameters a, b, and T in Figs. 1 and 2. The time variation of the early portion of
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the electromagnetic signal from a low-altitude explosion is the same as that of the
prompt gamma-ray emission. From (1) the signal rises as exp (at}, where o is the
gamma-ray rise time constant, and decays as exp(-ft) at late times, If b> a, then
"a" dominates the decay rate. At low altitudes the signal decay time is related to the
electron attachment rate to oxygen. For example, at sea level the lifetime of a

1, 12-MeV Compton electron is about 8 x 10_9 sec, Therefore, it is reasonable to
seta = 108 sec_l. Trom (21) for b = 5a, the maximum signal amplitude occurs at
0.4 x 10_8 sec. The corresponding value of o, where an exp (ot) type initial rise

in signal amplitude is assumed, is roughly 4 x 108 sec-l.

The value assigned to T is not critical but, in order tc satisfy (26), it must be
at least 10a, in this case 10-7 sec, Therefore, the fundamental frequency component
is 10 MHz, or 6,28 x 10'7 rad secnl. However, only those signal components whose
frequencies exceed the maximum plasma frequency (between 5 and 15 MHz) will be
propagated through the ionosphere.9 Because 10 MHz, the lowest frequency component,
is near the ionosphere critical frequency, only terms of order greater than k = 1 will

be retained,

Figures 3 through 6 show the enevelopes of the dispersed second through the fifth
order cutoff sinusoids for a total electron content (TEC) of 1016 m-z, a value not
grossly atypical of an average ionosphere, * For convenience of calculation, | F(wk)|
was taken to be unity, As expected, the distortion resulting from dispersion decreases

as the order of the component increases,

Figure 7 shows a gross representation of the envelopeof a five-term reconstituted
pulse. Figure 8 shows the effect on the envelop resulting from inclusion of another
five terms in the approximation, The additional high-frequency components are
responsible for the shorter rise time to the peak amplitude (see Fig. 7). It should
also be noted that the peak amplitude in Fig. 8 is greater than that of Fig. 7. This
would be expected because of the better agreement between the ten-term approximation

and the original pulse (see Fig. 2). However, in a comparison of Figs, 8 and 2, it
" can be observed that one effect of the ionosphere has been to decrease. the peak amplitude

by a factor of 6 (or 14 dB). Also the pulse duration (length of time for the amplitude to

decrease to 1/e of its peak value) has been stretched out by a factor of roughly 130.

% 17 -2, : .
The value of 100 m = is commonly taken as typical of an average ionosphere
and can vary by at least an order of magnitude in either direction, depending on time
of day, season, position in the sunspot cycle, and direction of signal propagation.
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Because the absorption of VHF components normally occurs in a region where
wis large compared with v, the collision frequency, and w»wH,. where wH is the
Larmor frequency, the absorption in decibels may be Writtena as

2

-5 S
A = 4.6x10 J Nv ds.
w o

The absorption for a TEC of 1017 mfz is of the order of 0,05 dB at 100 MHz and,

of course, only 5 dB at 10 MHz because of the inverse square frequency dependence,
Clearly, the reduction in amplitude due to absorption may be disregarded in com-
parison with the reduction in amplitude resulting from dispersion. Therefore,

neglect of the ionospheric conductivity is justified.

APPLICATIONS OF THE ANALYSIS

The preceding analysis can be used to obtain estimates of the maximum EMP
intensities in two distinct environmental problem areas of interest. One problem
area concerns the EMP threat to soft close-in satellites; the other problem area
has to do with nuclear explosion intelligence obtained from diagnostic measurements
at synchronous (or higher) altitudes. With selection of a minimum altitude of 500 km,
the preceding analysis is applicable to both problem areas, . since the highest electron
concentrations occur below this altitude. Further simplification results by the
assumption of a geometry in which the line of sight from observer to explosion
intersects the earth's magnetic field orthogonally; i, e,, a plane wave is assumed
with an eleciric field initially polarized perpendicular to the earth's magnetic field

and which is propagating transversely to this field,

—- The ionosphere extends down to perhaps 50 km, with its various daytime regions
denoted by the symbols D, E, F, and F2. It has no well-defined upper boundary, but
merges into the heliosphere, where neutral and ionized helium atoms are the principal
constituents, For present purposes, the ionosphere can be represented as auniform
plasma slab, having the same density as the ionospheric peak density and the same
total electron content as the true ionosphere. The daytime peak electron density

occurs at an altitude of roughly 350 km in the F2 region., A nominal value for an

22




electron density representative of average daytime conditions for midlatitudes with high

N 12 - .
solar activity is 107" m 3. The corresponding maximum plasma frequency fN from

the well-known relationship,

1/2
fg = 9N_"" [Hz - MKS] ,

is 9 MHz, If we associate a TEC of 1017 rn_2 with a peak electron density of 1012 m_3,

the slab thickness turns out to be 100 km, the slab extending roughly from 300 to 400 km,
Figure 9 shows a gross representation of the envelope of a ten-term reconstituted pulse
propagated through such a slab, In a comparison of Figs, 9 and 2, it can be observed
that the pulse duration has been increased by at least a factor of 1600, and the peak
amplitude of the pulse has been decreased roughly by a factor of 22, Clearly, the
ionosphere provides a substantial altitude of the shielding (27 dB) for a satellite against
EMP propagating through the ionosphere, where it is assumed, of course, that the

satellite orbit is beyond the F,_ region.

2

An approximation to the absolute value of the maximum peak electric-field

intensity at a distance r from the burst point is given by

E~kE_ r_/r, 27)

where k is the ratio of the peak amplitudes in Figs. 9 and 2, ES is the saturated field
in the conducting region in the vicinity of the burst, anq ro is the radius of the con-
ducting region. For burst altitudes up to about 20 km, for which the gamma-ray mean
free path is less than the atmospheric scale height, T is typically of the order of a

few gamma-ray mean free paths.

For a low-altitude detonation, ES is given by4
s vc {a + ) R 2 (28)
S o 2vq c/’

where Bo is the earth's magnetic field, vc ig collision frequency for slow electrons in
air, R is Compton electron range, vy is the electron relativistic mass factor, qr 3% 104

is the number of secondary electrons produced by each Compton electron, and «, B,

,

23



Amplitude

0.030

0.027

0,024

o

0.021 =

0,013 =

0.012 T A
»

24

s%?* ) 10

Time (units of 10-7 sec)

Fig. 9 Ten-term approximation to a dispersed EMP
(TEC = 1.0 x 1017 m~2),




and ¢ are as defined earlier. As the altitude increases, Es increases and the limit~
ing value of ES is attained at an altitude where the electron.range is comparable to

the Larmor radius. This value of ES is given by4

By = eyq(l - v/c) (29)

me vc (R)
E’J

where e is the charge on the electron and w, is the Larmor frequency, eBO/ m. By

L
substituting appropriate values in (28) and (29), Karzas and Latter4 obtain values of the
peak electric field intensity in volts m"1 at a distance rkm from the burst ranging
from 103/r for a low-altitude explosion to about 106/r for the limiting high-altitude

case,

A calculation of the peak EMP electric-field intensity in the environment of a
satellite at, for example, 500 km altitude resulting from a nuclear burst at 100 km
altitude is informative, To simplify the geometry, let us assume an earth-tangent,
line-of-sight propagation path, Although the ray-path length is frequency-dependent,
for present purposes a straight-line approximation will suffice. Also, we neglect the
effect of the earth's magnetic field on propagation. For a low-altitude satellite at an
altitude H, where H is very small compared to the radius of the earth, the slant range

R to the horizon is given by

R ~ 110 ¥H km, - (30)

It is assumed that the source of the signal is located in the first 500 km of the 3560-km
path between the burst and the satellite, With Karzas and Latter's limiting value, the
peak electric-field intensity for a nominal propagation path length of 3000 km is 330
volts rn-l. If the TEC along the propagation path is 101'7 m-z, the maximum electric-
field intensity would be reduced to roughly 15 volts m_ 1, a moderate field. However,
for satellite altitudes below 500 km, spatial variation of ionization should be taken

into account and the time history of the EMP recalculated for specific geometries of

interest,

Examination of the dispersed waveforms shown in Figs. 8 and 9 leads to the
conclusion that broadband techniques are unsuitable for diagnostic applications of
exionospheric satellites. Significant episodes in the time history of a radioflash

signal could be resolved, however, from narrow-band techniques (e, g., see Fig. 6
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which typifies a receivable narrow-band signal). This, of course, reinforces a con-
clusion of Sol].frey10 that, as the bandwidth of an EMP sensor increases, terms are
added which are out of phase with the center of the band; the sensor may be regarded

as "correlation-bandwidth limited,"

Finally, in connection with analysis of data from the Vela 4 satellites,11 it has
been contended that the satellite suborbital point {the intersection of the earth's surface
with the line joining the earth's center and the satellite) may, in some cases, be re-
garded as the origin of a signal source even though the earth-normal line has no signi-
ficance for an omnidirectional sensor. The fact that dispersion tends to spread the
signal energy over a longer period of time, thereby effectively reducing the peak
amplitude, tends to suggest, in the case of weak EMP signals, that only those sources
close to the suborbital point would be observable. Although the two optical path lengths
from the satellite to the suborbital point and to the horizon of view may be almost equal,
the difference in path length within the ionosphere may be as high as a factor of two
for a horizon-source signal as compared with an earth-normal-source signal, Further,

the increased electron contéent along oblique ray paths further increases the possi-

bilities of signal incoherence, even within intermediate or narrow bandwidths. Thus,
an apparent downward-looking location capability may be produced for an omni-
directional sensor. Exploitation of this effect for electromagnetic mapping of global
thunderstorm activity and monitoring of man-made transmissions by simplified re-
ceiving systems on distant satellites are two possibilities suggested by this which are

currently under investigation,
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