BAE

Theoretical Notes

Note 197
November 1973

PROPAGATED EMP FROM TANGENT AND BURIED BURSTS

Captain James E. Brau
Major Gregory H. Canavan
Captain Leon A, Wittwer
Lt Arthur E. Greene

Air Force Heapons Laboratory
Kirtland Air Force Base, New Mexico

ABSTRACT

Calculations describing the ionospheric propagation of
high-altitude electromagnetic pulses (EMP) to satellite
altitudes are reported. Both tangent and buried burst
scenarios are treated. The calculations are based on the
AFWL CHEMP code for self-consistent calculations of radiated
EMP, modified by the inclusion of a swarm treatment of second-
ary and ionospheric electrons. The region of applicability
of this swarm treatment has been determined by a separate Monte
Carlo calculation. By carrying the calculations all the way
from the burst point through the E region, we are able to
account fully for the D region heating, the increased absorp-
tion and cascading it produces, and the increased cutoff
frequency which results. The code calculations are evaluated
for sensitivity to the ambient ionospheres used.
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SECTION I
INTRODUCTION

The calculation presented is of the ionospheric propagation of electromagnetic
pulses (EMP) from tangent and buried bursts which treat explicitly the nonlinear
effects of heating and cascading ignored in previous solutions (ref. 1). Tangent
bursts are events in which the gammas directed just above the earth's 1imb pro-
duce a radiated electromagnetic pulse which propagates out through the ionosphere
on the other point of tangency;_ Buried bursts, on the other hand, result from
Tower-altitude detonations (between 20 and 80 kilometers) in which the upward-
directed gammas interact with low density air, Tikewise resulting in an iono-
spherically propagated EMP with a large angular coverage.



SECTION II
MODEL

The tangent pulses injected into the ionosphere at 55-km altitude were gen-
erated by CHEMP, a self-consistent particle code described in a companion report
(ref. 2). The fields were propagated through the ionosphere according to the
theory of Karzas and Latter (refs. 3 and 4) and Longmire (ref. 5).
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where the current density is defined by the characteristics of the Tocal swarm
J(T) = -en(T)v(T). The electron number density, n, and the electron drift velo-
city, v, were determined by employing the swarm model of reference 6. By assum-
ing the swarm to be in equilibrium with a mean electron energy of 3U/2, one can
describe its characteristics with the swarm equations (ref. 6)
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where the cascade rate, C(U), and the momentum and energy transfer collision
frequencies, f(U) and g{U), are given as analytic functions (ref. 6) of U, as
follows:
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SECTION III
TANGENT BURSTS

Figure 1 compares the Fourier transform of the injected pulse with the Fourier
transform of the transmitted pulse from a 10-kt gamma burst at 100 km propagated
through the D region of the nighttime sunspot minimum ionosphere (A, hereafter
referred to as the standard) and the daytime sunspot maximum ionosphere (B). The
injected pulse contained 5.4 millijoule/meter?, of which 0.29 mj/m2 (0.11 mj/m2)
propagated through the nighttime (daytime) ionosphere, with a reduction of 30
percent (70 percent) in the Fourier amplitudes at 60 MHz and a factor of 4{(10) at
20 MHz.

Figure 2 shows the energy absorbed by the ionosphere, /SdtJ - E, as a function
of altitude for the standard calculation A. The maximum deposition occurs around
85 km with a secondary enhancement around 75 km. Figure 3 shows that the higher
peak corresponds to the maximum heating; the electron energy U, and with it the
collision frequencies, has been enhanced by three orders of magnitude. It also
shows that the Tower altitude enhancement is coincident with less heating but much
more cascading due to the faster jonization rates in the denser air. Note that
due to the ubiquitous, strong heating, analytic investigations of ionospheric non-
linearities (appendix I) can be quantitatively misleading if based on collision
frequencies appropriate for the ambient ionosphere (ref. 1). To predict even the
qualitative, let alone the quantitative, features seen in code calculations,
analytic estimates must be based on collision frequencies in the heated ionosphere
(appendix II).

The sensitivity of these predictions of EMP transmission to the ambient iono-
sphere below 90 km, the region of maximum absorption, has been assessed through
parametric studies in which the electron density above 90 km is kept constant and
the ambient electron density at lower altitudes is varied by changing A in the
equation

n =103 exp(A(h-90)), h < 90 km (7)

Figure 4 presents the results of these parametric calculations. Curve A which
corresponds to the standard nighttime minimum fonosphere with A = 0.23/km
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Figure 1. The Fourier Transform of the Injected EMP from a 10-kt
Gamma Source at 100 km and of the Pulses Transmitted
through the Nighttime A and Daytime B Ionospheres.
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displays a notch at about 20 MHz owing to preferential absorption of those fre-
quencies due to cascade-enhanced absorption around 70 km. Curve B shows that
increasing A to 1/km reduces the ambient electron number density in that region
to such Tow values that even the cascade absorption is insignificant, removing

the structure above 20 MHz and increasing the transmitted fluence by 20 percent.
Comparing figure 5 with figure 3 indicates that depleting the Tower ionosphere
negates the cascade-enhanced absorption at lower altitudes and shifts the heating
peak to higher altitudes. Increasing A further changes the transmission little;
curve D with A = « which corresponds to removing all electrons below 90 km differs
1ittle from B.
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SECTION IV
MONTE CARLO CALCULATIONS

Note that the temperatures reached in figures 3 and 5 are several hundred eV,
far beyond the energies for which the swarm model of reference 6 is intended. It
has, therefore, been extended by developing a Monte Carlo model of the inter-
action of a finite sample (=103) of electrons with neutral nitrogen molecules.
By solving the equations of motion for each electron in the sample including
acceleration by the applied EM pulse, elastic, and inelastic collisions, and
logging the results it was determined explicitly the electron distribution func-
tion at each instant, which was used to determine the sensitivity of the results
above to the assumption (ref. 6) that the collision frequencies at any instant
are those appropriate for the equilibrium distribution function at the instan-
taneous value of U. In these calculations the momentum transfer cross sections
below 10 eV were taken from Engelhardt et al. (ref. 10) and those above from
Shyn et al. {(ref. 11). The nonionizing inelastic cross sections were taken from
reference 10, and the ionization cross section was taken from Rapp and Englander-
Golden {ref. 12). During a time step, At, a particle velocity changes by

av = & 4t, the probability of a collision is 1 - e="@(V)VAt, and in the event

of a collision, the final particle velocity, v, is related to the initial particle
velocity, vi, by (1) v2 = v12 for an elastic collision, (2) v2 = v12 - v,2 for an
exciting collision, and (3) v2 = 1/2)v12 - v;2) for an ionizing collision (ref.
13).

The pulses obtained from the standard calculation above were applied to the
Monte Carlo to assess the accuracy of the swarm model. To this end one defines
the ratio R = the energy deposited in the Monte Carlo calculations divided by the
energy deposited in the swarm model calculation. The computed values of R at
saeveral altitudes are:

H(km) 74 80 86 93 100
R 6.9 2.2 1.02 0.90 1.01

Below 80 km the disagreement is most pronounced, amounting to a factor of 7
underestimate of the absorption at 74 km by the simple swarm model. These dis-
crepancies may be attributed to two factors: nonequilibrium distributions and
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poor fits to cascading rates and collision frequencies at high energies. The
latter source has been eliminated by simulating the swarm experiments of Phelps
and collaborators at higher values of E/N and using the results to improve fits.
When the distribution comes into equilibrium at a given value of E/N, equations
3 and 4 show that the new fits are given by

ldn AL D eve
oW + 53¢ (1+ 1F) 2.4x10-12(U-Ug) (8)
f(U)+1_.dﬂ=_i (9)
n dt my

These frequencies were determined as functions of mean energy, nhot characteristic
energy; the new fits of figure 6 were then used in the swarm model

U _ ___-evE _ LTdny )y - 10 dn
t - 2.ax10-12 (g(U) o dt) U-Uo) - T &
dv _ _ eE Idn
dt - " m ~ (f(U) T dt)v

The ratio R of the Monte Carlo deposition to the swarm model deposition for
these new fits.

H(km) 78 8o 86 93 100
R{new fits) 0.68 0.76 1.00 1.01 0.99

The Tower altitudes still show the largest discrepancies, but they have been
significantly reduced. The swarm model now overestimates the absorption at these
altitudes by about 30 percent, which is attributed to the swarm model's assumption
of an equilibrium distribution. Figure 7 compares the transmitted Fourier trans-
form with the new fits to that from a calculation done with the old fits. The
transmitted energy has been increased by over 50 percent as have the maximum
amplitudes around 20 MHz. Owing to the good agreement shown in the above chart

it is felt that the model dependencies of curve B are small compared to uncertain-
ties in the ambient ionosphere.
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SECTION V
BURIED BURSTS

The CHEMP-generated fields seen by an observer at 115 km from buried bursts
at 35, 50, and 65 km are shown in figure 8. 1In general as the burst altitude
goes from 35 to 65 km, the amplitude increases and the proportion of high-
frequency content decreases. The R°E product of the first peak, to within 12
percent, is 3.51x106 statvolts for all three bursts.-

Figure 9 displays the Fourier transform of the 50-km burst. The R-E(w)
product at about 10 MHz is about 6.5x10-2 statvolts/Hz. Satellites below 300 km
will see all of the spectrum. Above 300 km, the spectrum is cut off at about
4 MHz by the plasma frequency.

The R-E product-derived Fourier spectrum in figure 9 can be considered as an
extreme worst case for buried bursts. This conclusion is based on the large
yield, the source treatment, and the insensitivity of the R-E product with alti-
tude for a given yield.
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APPENDIX I
SEPARATION OF NONLINEAR AND LINEAR EFFECTS ON PROPAGATED EMP

An upward propagating pulse with Fourier coefficients E;(w) at 50 km heats
the n(cm~3) free electrons at altitude z to an energy (ref. 14)

u(z) = n'1./;m dw K(w,z)(c|E;(w)|2/4r) exp (-ZJIPZdz'K(w,z')) (10)
0 '

where K(w,z) = p2f/c(f2 + w2) is the microwave absorption coefficient, f is the
momentum transfer collision frequency between electrons and neutral molecules,
and p2 = 4mne2/m is the square of the electron plasma frequency. Since nf =nf =
10%/cm3-sec between 50 and 150 km in the daytime, K = 4re2nf/mc(f2 + w2) = A/

(f2 + w2).  In the high-frequency approximation (ref. 14)

4
Y(w,z) = 2d/r dz'K(w,z') = 2Az/w2, for w2 >> f2 (11)
0

Note that contributions from frequencies for which Y(w,z) > 1 are effectively
truncated from equation 10, so that the choice of cut-off frequency

W= (2Az)1/2 (12)

allows equation 10, to be simplified to

U(z) = n‘ld/;mdw e2nf|E;5 (w)|2/mw2 (13)

Since W >> p for z < 130 km, reflection need not be considered below that
altitude. Note also that W is everywhere >> b = 4x106 rad/sec, the smaller
frequency characterizing a double exponential Ei(w), so that E;j = E/w, and
equation 13 further simplifies to

U(z) =~ e2 f E2/3mW3 (14)

A disturbing aspect of equation 14 is the prediction that electron heating
increases exponentially with decreasing altitude. That this result is merely
an artifact of an inappropriate use of the high-frequency approximation can be
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shown by a simple calculation which breaks the heating into integrals over low
and high frequency components

f w
U=U1+Uh=fdu+fdu (15)
p f

In Uy, K= A/f2, Y ~ exp{-AH/f2), where H =~ 8 km is the atmospheric scale height,
so that U; reduces to

.F
Uy = (AcE? exp(-AH/f2)/4rnf2) J,P dw/(b + w)2 =~ AcE2/4nf2b, z < 60 km (16)
P

and U; = 0 higher where AH/f2 >> 1. In Uy, K, =~ A/w2 and Y =~ exp(-2Az/w2), so
that Uy = AcE?/4mnf3 for z < 60, and Uy ~ AcE2/n4r(Az)3/2 higher. Adding U; and
Up one finds

e2E2/mfb zZ < 60
{ |

e2E2f/m(Az)3/2  z > 60

which clearly shows that heating falls off exponentially below 60 km as well as
above. It also shows that U(z < 60) scales as 1/b due to the low-frequency con-
tributions ignored in equation 14.
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APPENDIX II
HIGHER CUTOFF FREQUENCY DIE TO IONOSPHERIC HEATING

The integral Y(w,z) (appendix I, equation 11) which determines the thickness
of the jonosphere up to altitude z at frequency w can be evaluated by breaking it
into low (w < f) and high (w > f) frequency parts

Zy z
Y{w,2) = Y; + Yh = “/f dy + J/ﬂ dY, f(z,) =w (18)
0 Zw

Approximate K = A/(f? + w2) as in appendix I to evaluate Yi(z < zy) = AH/f2 and
Yi{z > zy) = AH/w2, while Yu(z < zy) = 0 and Yh(Z > z,,) = 2A(z - z,)/w?. Combine
these results to obtain Y(z < z,) = AH/f2 and Y = (z > zw) = A(H + 2(z - z,))/w2.
Clearly, all Tow frequencies, i.e., those for which w < wa = (AH)!/2, will be
strongly absorbed below z at an altitude zy where Y(w,z) = 1. Since Y(z < z,) =
AH/f2 and f = f, exp(zy - z)/H

za = (H/2)In(£3/AH) (19)

For fg = 67/sec at zy = 50 km and A = 4;/sec2-cm, zz = 65 km in rough accord with
equation 17 of appendix I. The cutoff frequency W of that note, is defined more
precisely as the frequency at which Y(w,zy) = 1 where Zp = 150 km is the altitude
at which the product nf in the numerator of K begins its rapid fall, truncating
the integrals in equation 18 abruptly. For the values above, W = (2A(zm - zo))l/2
= 37/sec, while wa = 65/sec.

The above results can be used to evaluate the effect of the strong heating
predicted by equation 17 of appendix I. Raising the electrons to 1 to 10 eV
increases f by about 100 which also increases A by a 1ike amount. According to
equation 19 this raises zz to 80 km and increases wa and W by 10.
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