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ELECTROMAGNETIC PULSE (EMP) FROM SURFACE BURSTS
by

Tim Murphy

ABSTRACT

We present a simple analytic model to estimate the electromagnetic
pulse (EMP) produced by the asymmetric Compton current distribution
coming from a nuclear explosion on or near the earth’s surface. The
model does not include the effect of return currents in the air and ground
and so is most appropriate for high-frequency EMP. It can be used to
calculate the signal seen at a remote observation point at any angle above
the surface of the earth. We find that the high-frequency signal from this
effect is comparable with or larger than the geomagnetic turning signal
from a surface burst and must therefore be considered in attempting to
interpret existing EMP data.

I. INTRODUCTION

One effect produced by an above-ground nuclear explosion is a very fast electromagnetic pulse (EMP) due
to the generation of electron Compton currents in the atmosphere by gamma-ray emissions from the nuclear
device. The pulse is broadband, with frequencies ranging from a few kilohertz up to hundreds of megahertz.
The bulk of the energy is at the low-frequency end of the spectrum, but there is enough energy at the high end
to pose a threat to electronic equipment. Therefore the problem of how this pulse is generated has been the
subject of considerable study. Because of the rapid risetime and large amplitude of the gamma-ray source, the
amount of energy in such a pulse is potentially very large, but in order for it to be radiated efficiently, there
must be a source of asymmetry in the Compton current system. One such source is geomagnetic turning, where
the electrons are accelerated in a coherent fashion as they precess about the magnetic field lines of the earth.
Because the earth’s field is weak, this effect does not produce a large asymmetry, but for most atmospheric
explosions it is the only source of EMP and has therefore been studied extensively. For high-altitude bursts
the very large mean free path of the electrons and the enormous volume of the region in which the gamma rays
are deposited combine to produce a significant EMP signal even though the asymmetry is small.

For explosions very near the ground, the earth itself is another source of asymmetry. Gamma rays emitted
downward are intercepted by the earth’s surface and do not produce large Compton currents, while those going
upward do so. The degree of the resulting asymmetry is strongly dependent on the location from which the
explosion is observed, and the field strengths produced can be larger than those due to the geomagnetic turning
effect. Previous work in this area has concentrated on the EMP seen on the ground at a point fairly close to




the source and has relied on elaborate computer models to include the effect of ground conductivity, inducted
air conductivity, and air chemistry. In this report we present a simple analytic calculation to estimate the
EMP signal seen by a remote observer at any angle above the ground. Air and ground conductivity effects
are not included, so there are no return currents, and air chemistry is treated simply by including attenuation
terms for the gamma-ray and electron fluxes. Since the model does not contain as much detailed physics and
chemistry as the sophisticated computer models developed for the study of geomagnetic turning effects, we
have normalized our model to match the peak electron current given by such models at a distance of 500 m
from the source.

We find that the fields produced by the ground asymmetry have a strong angular dependence. Directly
above the burst point there is no EMP from this effect at all, and for viewing angles out to about 10° from
vertical, the signal is weaker than the geomagnetic turning signal and therefore of little interest. For viewing
angles larger than 10°, the signal strength grows rapidly so that for angles of 30° and larger the signal is much
stronger than that from the magnetic effect. At 75° from vertical the power radiated from a surface burst
by this effect is over 50 times that produced by geomagnetic turning. The shape of the pulse is also angle
dependent; the large-angle pulses have a slightly faster risetime and a more bipolar shape than do the small-
angle pulses. It is possible this angular dependence may explain some anomalies seen in satellite observations
of EMP.

The present calculation attempts to model the complex mechanism by which surface bursts generate EMP.
The results of this model indicate that the signal produced is comparable with or greater than that produced
by geomagnetic turning, and we therefore intend to pursue a more detailed calculation of the effect.

We shall work in cgs units in this report unless stated otherwise.

II. GEOMETRY OF THE PROBLEM
Consider an explosion taking place near the earth’s surface. We shall take the location of the explosion as

the origin of a spherical coordinate system, with the § = 0 direction being radially outward from the earth.
We shall observe the explosion from a remote point R with coordinates

R= R(sin @ cos ¢, sin fsin ¢, cos ). (2.1)

We shall then define a polar angle ¥ and an azimuthal angle ¢ relative to B (see Fig. 1). The location of a
second point 7is given in terms of these angles by

cosfcosgsinipcos( + sinfcosdcosyp — singsinysind
7=7r| cosfsingsinpcos( + sinfsingdcosyp -+ cos¢psinysin( | . (2.2)
cos B cosyp — sinfsinycos(

The distance between the points is

|1§— ‘1 = /R?+ 17 — 2Rrcos y. (2.3)




Fig. 1. Geometry of the model.

III. RADIATION FROM A VOLUME ELEMENT

The electromagnetic radiation fields seen at point B due to a time-changing current density j°in a volume
element dV located at point  are given by

df= L |Ax(@x7) ] (3.1)
[ |27

and
dB =7 x dE, (3.2)
where
- R-7+ _ R— 7
== n_|R‘—Fi’and treg =1 — — (3.3)

The subscript on the right-hand side of Eq. (3.1) means that the quantities inside the brackets are to be
evaluated at the retarded time given in Eq. (3.3). # is a unit vector in the direction of B — 7, and ¢ is the speed
of light.

We shall assume the currents are purely radial, so # and j” are parallel to each other. Using Eqgs. (2.1) and
(2.2) we find




1 sgcy(R —rey) — regegsyce + TSeSyS¢
= I-‘ sgcg(R —rey) — rcgsesyce — TSgsyse |, (3.4)
=

Ca(R - TC¢) + rsgsy¢ce

: Rj [ TCecesusc — Sesyc
AXJ=s —cos¢SyS¢ + cpSyce |» (3.5)
IR - 7—'1 898y S¢
and
Aax(Axj)= (3.6)

_Rj Rsy(cocoee — sgs¢) + r(—cocgsycyce + 5454Cys¢ + 50C453)
— Rsy(cosgce — cgs¢) + r(—cosgsycyce — CoSyCySe + Sgs¢s:‘;,) ,
|R - ’—'1 —Rsgsyc¢ + r(sgeysyce +cq83,)

where sy = s8in8, ¢y = cos#, etc. The gamma-ray mean free path is on the order of a hundred meters at
sea level, and all of the Compton currents will be produced within a few mean free paths of the source. We
are interested in the signal seen at a remote observation point hundreds or thousands of kilometers away from
the burst, so for our purposes it is an excellent approximation to expand the expression for the electric field in
terms of R/r and keep only the lowest order term. We find

dE = -_:;1—;1;/) [i(cacgce — sp5¢, cosgec + cs¢, —s0cc)],,, AV (3.7)
and
R rcos
tret =t — —+ i . (38)
[ c

To get the total radiation field seen at point R we must integrate over the entire region where j'is significant.
For a symmetric source the integral of Eq. (3.7) over ( gives zero and there is no radiation, and for this reason
the effect is not important for high-altitude explosions. For bursts near the surface, the range of  is restricted
by the presence of the ground, and the integral is nonzero.

We shall consider an isotropic source of gamma rays and will take the ground into account by considering
only those gamma rays with z > —h, where k is the height of the burst point above the ground. Any gamma
rays that hit the ground are considered lost and do not produce any further currents. From Eq. (2.2) we see
this implies the condition

r(cosf cos P —sinfsinpcos() > —h. (3.9)

For r < h no gamma rays have hit the ground and the source is symmetric, so there is no radiation. For
r > h we may define




Y1 = cos™? (——:.l-cos()+ \1- ésin 0) (3.10)
¥y = cos™! (—%cosﬂ—\/l—ésing) . (3.11)

For 3 > ¢, all the gamma rays have hit the ground and no current density is produced, while for ¢ < ¢,
Eq. (3.9) is satisfied for any value of ¢ and so once again the unrestricted integral over ¢ yields zero. The
interesting regime is when 91 < 9 < 92, and in this case we may rearrange Eq. (3.9) to give a condition on ¢:

and

. . - —1fcosbBcosp—h/r
Gnin <€ <27 —Gnin' Gnin = cOs ( nfsnd . (3.12)
Integrating Eq. (3.7) over ¢ then gives

dE = Mc'"fi}’%m?- [j(cosBcos ¢, cosfsing, —sinb)]_,, r’drsin ¢pdep. (3.13)

To make the problem more tractable analytically, we shall restrict ourselves to the case A = 0 in the
remainder of this report. Equations (3.10), (3.11), and (3.12) then simplify to yield

v sin? 8 — cos? Y

Y1 =7/2—0, Y2 =7/2+0, sinGnin = sin @ sin ¢

(3.14)

IV. CURRENT DENSITY

In the previous section we developed a formula for the far-field electromagnetic radiation produced by a
given current distribution. To proceed with our EMP calculation we need a model for the current density 3. We
shall consider a point source of gamma rays that emits them isotropically and whose strength is characterized
by the emission rate

7(t) = N(e™® — e~ %), (4.1)

The gamma rays typically have energies in the range from 1.5 to 2 MeV. They will propagate through the
atmosphere and eventually undergo Compton collisions, producing relativistic electrons with energies on the
order of 1 MeV. The collision rate for this process will be denoted v,. The flux of gamma rays at radius r from
the source is then given by

N exp(—v,

O(r,t) = y=) r/c) {exp[—a(t — r/c)] — exp[-b(t — r/c)]}. (4.2)




‘The current density produced per unit time is

]
3= —vgef®, (4.3)

where ¢f is the average radial velocity of the electrons.

The Compton electrons produced by the gamma rays will move outward from the source and undergo many
collisions with the air molecules, bringing the electrons to a stop within a few meters of where they were created.
Although the individual electrons will follow convoluted paths, the net current will be purely radial. We shall
treat the electrons as having a constant 8 of 0.67 until they stop and shall include the effects of scattering by
reducing the mean free path by a factor of 3/2, which is roughly the cosine of the average scattering angle.
The electron collision rate will be denoted v..

The total current density in a volume element at radius r is the sum of the current density produced locally
by the scattering of the gamma rays and the currents transported in and out of the volume element. It satisfies
the conservation equation

jl_]tz Z_Jt—vea ‘%%Zr]) 44
with the boundary condition
Ht=r/e)=0. (4.5)
The solution of this equation is
evyBNe=VsT/¢ [e=b(t=r]e) _ (e=Pra)(t=r[e)[(1~F)  g-a(t=r[e) _ g=(ve=Pro)(t=r/c)/(1-P)
I = 4mr? ( ve— PBvy, — (1—B)b h v.— Pryg—(1-PBa ) (4.6)

As mentioned in the Introduction, this model does not contain as much detailed air chemistry as the
computer models developed for calculating the EMP due to geomagnetic turning. Although the source of the
signal in our calculation is quite different, the current strengths should be the same in both cases, and so we
have normalized our expression for the current to agree with the current calculated by existing computer codes
at a distance of 500 m from the source. The source used was a 100-kt explosion with 0.1% of the energy emitted
as gamma rays and a gamma-ray emission rate as given in Eq. (4.1) above. In the remainder of this report, we
shall use the following hypothetical values of the parameters for a sample problem:

a=8.0x10" /s
b=1.0x10% /s
vy =25x10° /s
ve=30x10% /s
N = 1.25 x 10?® gammas/s (4.7




V. CALCULATION OF THE FIELD

Now that we have a model for the current density produced by the explosion, we may integrate Eq. 3.7
over the source region to obtain the electric field seen at a distant point. The limits of the angular integration
are given in Eq. (3.14), while the limits of the radial integration are determined by the requirement that the
retarded time must be positive. The expression for the electric field is then

IEI ev ﬁN /Sln9 / {ae"a(r_(l"l‘)r/c) — l}e_';('r"(l_/‘)"/c)/(l"p)/(l _ ﬂ)
—s8iné

27w Re?sin 6 v—(1-Pa
(5.1)
be—d(r—(1=p)r/e) _ pe—o(r—(1-p)r/c)/(1~ -A) /(1 - B)
_ —vgrfc in2p9 _ .2
5= (1A oot
where ¥ = v, — fv,, p = cos9, and T =t — R/c.
The integral over » may be done analytically, and we find
_ eygﬂN sin ¢ / _"9"'/(1 ») — e—eT
Bl = 27RcZsin / sin @ dyry/sin” 0 — p {(1 —p—vyfa)(¥ — (1 - PB)a)
e~ Vst [(1=8) __ o—07/(1-8)
A= k== Pw/o) - (1= Pa)
e—vsm/(1-p) _ e— b7 e—ver/(1—p) _ e"';"'/(l_p) } 5.9
— -~ + - - R
Ry I 2 )Ty R Cmyrey ey Wy 7| (e Gy ) (52)

The remaining integral over x cannot be done in closed form and must be evaluated numerically. The results
are fitted very well by the function

B(r, R, ) = 2200 = Bexp(Chn) + (B = M) exp(yr) (5.3)

where v = f — (b — @). To determine the parameters for the fit we first observe that its late-time behavior is
controlled by the first term on the right-hand side of Eq. (5.3), and so A and « can be found by a least-squares
fit to the late-time values of the integral. Once these are known we fix B by requiring the peak values of
the integral and the fit to match. 8 is then found by a least-squares fit to the values of the integral over the
entire length of the pulse. The integrals and fits for our sample problem viewed from geosynchronous orbit
(R =4.22 x 10° cm) and various angles of observation are shown in Figs. 2 through 6, and the fit parameters
are given in Table I. The fit coefficients are given reasonably well by the following formulae:




A =177.0 + 10.36 + 0.736 esu/cm

B = 1.04(4) + 4.23(3)8 + 26.26% esu/cm

o = 2.48(6) exp[8.54(—4)80 + 1.48(—4)6?] Hz

B = 7.69(7) exp[—1.59(—3)8 + 2.69(—5)8?] Hz, (5.4)

where 6 is in degrees.

The electric field starts off negative and reaches a maximum amplitude E) at time ¢;, which is about the
same time as 4 peaks. The field then decreases fairly rapidly, passes through zero, and reaches a second, smaller
positive peak value E5 at time ¢,. After this point it decays slowly to zero. The strength of the field increases
as the viewing angle becomes larger. The pulse shape is also a function of angle, with the large-angle pulses
having a larger positive component at late times and a slightly faster risetime. Table II gives the values of the

field at the first and second maxima for an observation point in geosynchronous orbit and the times at which
these occur.

ELECTRIC FIELD © = 15
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Fig. 2. Electric field at 15°.
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Fig. 4. Electric field at 45°.
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Fig. 6. Electric field at 75°.




TABLE I. Electric Field Fit Parameters

Angle A B o B
15° 5.05(2) 7.92(4) 2.59(6) 7.53(7)
30° 1.14(3) 1.62(5) 2.91(6) 7.54(7)
45° 2.07(3) 2.53(5) 3.52(6) 7.57(7)
60° 3.49(3) 3.58(5) 4.38(6) 7.64(7)
75° 5.03(3) 4.75(5) 5.13(6) 7.96(7)

Where n.nn(p) stands for n.nn x 10°.
TABLE II. Electric Field Maxima at R = 4.22 x 10° ¢cm

Angle E; (V/m) t1 (ns) E; (V/m) tz (ns)
15° -0.42 12 0.026 110
30° -0.85 12 0.058 105
45° -1.31 12 0.101 100
60° -1.80 11.5 0.167 93
75° -2.32 11.5 0.251 80

VI. FREQUENCY SPECTRUM

We now have the electric field as a function of time, but the quantity of interest to most observers is the
energy incident on a receiver as a function of frequency. To find the energy we first need the Fourier transform

of the electric field, given by

1

Ew)= — ” e E(t)dt.

V2T |-

For the functional form given in Eq. (5.3) we have

Ala+iw)  B(B+ iw)

(B—-A)(y +iw)

E(w):[ o +w? 8% +w?

‘)’2-{-(4.)2

P

(6.1)

(6.2)
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The energy density in frequency space is then

&

_ ¢ A? + B? + (B — A)? _ 2AB(af + w?)
- 27R2?2 | a2 +w2 ﬁ?. + w? 72 + w? (a2 +w2)(ﬂ2 +w2)

(6.3)

2A(B — A)(ey+w?) 2B(B-—-A)(By+ wz)]
(e? + w?)(y? +w?) (B* +w?)(v? +w?) |°

Figure 7 shows this function for our sample problem at R = 4.22 x 10° cm (geosynchronous orbit) and an
angle of 60°.
The energy emitted in a particular frequency band is given by

I(wy,w2) = 57,6—32 {T(a) [%2 _24B | 24(B _A)]

a+p o+
(6.4)

B®  24AB  2B(B - A) (B—A)*  24(B-4) 2B(B-—A)
+T(ﬁ)[ﬁ+a+ﬁ B+ ]+T(7)[ v + a+y B+ ]}’
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Fig. 7. Energy density at 60°,
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where
T(a) = tan™Hws/a) — tan™! (w; /e) (6.5)

and wy, ws are the lower and upper edges of the frequency band.

Our calculation is more accurate for high-frequency radiation, since this component of the radiation comes
from the early part of the gamma-ray pulse and is produced before air and ground conductivity effects have
time to develop. Let us consider the energy emitted in a 1-MHz bandwidth at frequencies of 50, 100, 150, and
200 MHz. The results for our sample problem viewed from geosynchronous orbit and seen from an angle of 60°
are given in Table III. The energy density is given in terms of ergs/cm?. (To convert to joules/m? divide by
10%.) These energy densities are about a factor of 10 greater than those calculated for the geomagnetic turning
EMP. Given the degree of uncertainty in both calculations this number should not be taken too seriously, but
we believe it shows this effect is potentially important and deserves further study.
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TABLE III. Energy Density at R = 4.22 x 10° cm

Angle 50 MHz 100 MHz 150 MHz 200 MHz
15° 2.85(-12) 6.75(-13) 2.96(-13) 1.66(-13)
30° 1.29(-11) 3.08(-12) 1.35(-12) 7.59(-13)
45° 3.59(-11) 8.69(-12) 3.83(-12) 2.15(-12)
60° 7.88(-11) 1.93(-11) 8.57(-12) 4.81(-12)
750 1.55(-10) 3.85(-11) 1.70(-11) 9.58(-12)
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