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The Karzas-Latter-Seiler Model of a High-Altitude Electromagnetic Pulse:

A New Numerical Code for an Old Model

Gavin S. Hartnett*
RAND Corporation
1776 Main St, Santa Monica, CA 90401

A high-altitude nuclear blast can produce an electromagnetic pulse (EMP) capable of disrupting
electronics on Earth. The basic phenomenology of the initial (E1) phase of the EMP was initially
worked out in the 1960s by Longmire, Karzas, and Latter, and although more accurate and sophis-
ticated EMP models have since been devised, the Karzas-Latter model is particularly simple and
amenable to implementation as a numerical code. This paper accompanies the release of a new
software implementation of an approximation of the Karzas-Latter model due to Seiler. This is,
as far as we are aware, the only such publicly available numerical EMP code. After reviewing the
physics and assumptions of the model, the numerical results for EMP simulations under a range of
conditions are presented. It is shown how the results from multiple line of sight integrations of the
field equations can be assembled to form a map of the EMP intensity across a broad geographic
region. The model predictions are at least qualitatively correct and in general agreement with other
simulation results, including the characteristic “smile” pattern in the spatial variation of the EMP

intensity.

I. INTRODUCTION

There is value to the public in developing open-source,
transparent, and easily accessible models of the many Nu-
clear Weapons Effects (NWEs), such as the blast wave,
radiation, fall-out, and the electromagnetic pulse (EMP).
These models may be used to inform public discourse
concerning the risk of nuclear war and can help in civil
defense planning. For these purposes, it is not neces-
sary to have particularly accurate models; even rough,
order-of-magnitude estimates can be useful in educat-
ing the public and scenario planning. Fortunately, there
are many simple and unclassified mathematical models
of NWEs that could be developed into software tools.

The present work accompanies the public release of a
Python implementation of the Karzas-Latter [1, 2] model
for high-altitude electromagnetic pulse (HEMP). ! This
model treats the early E1 phase of the phenomenon and
uses a series of rather crude approximations and simpli-
fying assumptions. Nonetheless, we are not aware of any
other public implementations of this model and believe
that there is value in releasing it, provided its many lim-
itations are well documented and communicated. In this
work, we review the Karzas-Latter model of HEMP, as
well as an extension of the model provided by Seiler [3]
that greatly simplifies the calculation. We also discuss
how this model, which was initially designed to compute
the electric field strength along a line of sight from the
burst to a target, may be extended to produce the charac-
teristic “smile diagrams” showing the magnitude of the
EMP across a large region of the Earth’s surface (Fig-
ure 1).

* hartnett@rand.org
I The code is available here: https://github.com/gshartnett/karzas-
latter-seiler.

This paper is organized as follows. In Section II the
Karzas-Latter model is briefly reviewed. Section III
presents the results from the numerical code, and Sec-
tion IV concludes with a discussion of the limitations of
this model. Additional details are relegated to two ap-
pendices; Appendix A reviews the Seiler approximation
to the Karzas-Latter model, and Appendix B contains
details on the coordinate systems used as well as how the
geomagnetic field has been modeled.

18000 FRO000 IGO0 45000 SA000  BSOO0  7R.O00  AS.000

Encem {Vim)

Figure 1. Contour plot of the maximum (over time) EMP
intensity for a 5 kiloton nuclear detonation 100 km directly
overhead Topeka, Kansas, USA.
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Related Work

There is a long history of EMP modeling efforts.
The first EMP model, CHAP, was developed by Long-
mire [4]. Another model, HEMP, was developed in [5].
CHAP serves as a standard comparison for newer mod-
els. For example, [6, 7] developed a FORTRAN code
called MCHII, and the results seem to agree well with
CHAP. Another fairly recent EMP model, EMPulse, was
described in [8].

There have also been many efforts to go beyond the
standard approach for treating the Maxwell equations
and/or the source terms. Ref. [9] demonstrated that
the field equations are equivalent to those derivable from
a Liénard-Wiechert approach. Similarly, Ref. [10] com-
pared the results from integrating Maxwell’s equations
(Jefimenko’s equation) with CHAP. The multiple scat-
tering of the primary Compton electrons was considered
in [11, 12]. Scattered ~-rays were considered in [13]. An
alternative approach to modeling HEMP, called the inte-
gral equation method, was developed in a series of papers
[14-16]. Finally, the HEMP caused by X-rays (rather
than 4-rays) was studied in [17]. Notably, none of the
above works that developed numerical EMP codes ap-
pear to have made the code publicly available.

II. THE KARZAS-LATTER MODEL

Although all nuclear bursts generate an electromag-
netic pulse (EMP), the EMP produced by the detonation
of a nuclear weapon at high altitudes is greatly enhanced
by the Earth’s atmosphere and magnetic field [18]. There
are three basic phases of high-altitude EMP - E1, E2,
and E3. This work is solely focused on the E1 phase,
whose basic phenomenology is as follows. First, the det-
onation releases a number of high-energy ~-rays which
form a shell of radiation expanding outwards at the speed
of light. (Prompt X-rays are also generated and con-
tribute to the EMP through slightly different physics;
this contribution will be ignored here). The downward
traveling photons eventually enter Earth’s atmosphere,
where they interact with molecularly-bound electrons via
Compton scattering to produce relativistic electrons that
mostly travel coherently with the un-scattered photons.
These so-called primary electrons then turn under the
influence of Earth’s magnetic field and begin to emit a
pulse of synchrotron radiation as they accelerate. As the
electrons travel through Earth’s atmosphere, they inter-
act with air molecules and produce a large population
of non-relativistic, positively-charged ions and so-called
secondary electrons, with each primary Compton elec-
tron producing tens of thousands of secondary electrons.
These charged particles form a conducting medium that
generates a current that counteracts the pulse of cy-
clotron radiation.

The physics of the E1 phase of EMP was mainly
worked out by Longmire [19] and Karzas-Latter (KL)

[1, 2]. The KL model is the simplest model that captures
the basic physics of the problem, and it is particularly
amenable to numerical simulation. In this work, we will
focus exclusively on the KL model and a later extension
introduced by Seiler. A brief review of the model follows;
more details may be found in the original articles, as well
as [3, 20].

The dynamics of the electromagnetic field are governed
by the sourced Maxwell equations, and the KL model
essentially amounts to a model of the source terms, to-
gether with a calculational approach to (approximately)
solve the field equations. The sources consist of two com-
ponents: a current J¢ due to the motion of relativistic
Compton (primary) electrons, and a current o E due to
the presence of non-relativistic secondary electrons. The
contribution of molecular ions to the conductivity is ne-
glected. The two currents are assumed to be non-zero
only in the so-called absorption band of the atmosphere,
which ranges from 20-50 km above the surface of the
Earth. It is assumed that the Compton scattering which
produces the primary electrons is entirely confined to this
band. Outside of this band, the electromagnetic field
propagates as in a vacuum, until it reaches a target point
on the surface of the Earth.

The burst is assumed to occur at some point above
the surface of the Earth. Spherical coordinates centered
around the burst point are used, with the z-axis aligned
with the local orientation of the geomagnetic field. It
is convenient to work in terms of the retarded time co-
ordinate 7 = t — r/c. Thus, the coordinates used are:
(1,7,0,¢), and these should not be confused with a spher-
ical coordinate system centered on the Earth. The field
equations to be solved are:

21
~—0,(rEp) + poJ§ + pooEy =0, (1a)

21
=~ 0:(rEy) + 10 J§ + pooEs = 0. (1b)

These equations are derived by starting from sourced
electromagnetic wave equation for E, converting to re-
tarded coordinates, and then making the Karzas-Latter
approximation wherein the spatial variation is assumed
slow compared to the time variation. The radial com-
ponent has been neglected, as it is non-zero only in the
absorption band. A similar set of equations exist for the
radiative magnetic field, and in fact, it can be shown
that By = —E4 and By = Ey [2]. Outside the absorp-
tion band, the source terms are zero, and Ey, Ey o< 1/7,
with the constant of proportionality given by the value
at the edge of the band. The total EMP intensity at a
radius r > ryax is therefore given by:

Tmax
E(r) = \/Eg (Fmaoe) + B3 (Pmax) 2. 2)

To fully specify the model, the source terms are needed.
The components of the Compton (primary) current are:



R(r)/Vo
_ Ip(~ ’ . no_ .
JS (r7) = eg(r)Vo blnﬁcosﬁ/ dr' f (7(7,7")) (cos(wT’) = 1), Tmin <7 < Tmax (30)
0, else.
R(r)/Vy o , .
J(;sc(ﬂ r) = —eg(m)Vo sm@/o dr'f (7(r, 7)) sin(wr’),  rmin <7 < Tmax (3h)

0,
and the conductivity of the secondary electrons is

e qug
o(t,r,E) = ¢ mR(r
0,

The quantities that appear in these expressions are as
follows. 7Tmax, Tmin are the radii of the upper and lower
boundaries of the absorption band. The electron charge
and mass are e, m,, respectively. The velocity of the
Compton electrons is Vg, 8 = Vp/c is the velocity ratio,
and v = 1/4/1 — 2 is the Lorentz factor. The average
number of secondary electrons generated by a single pri-
mary electron is q. The cyclotron frequency of the Comp-
ton electrons is w = eBg/yme, and Bg is the magnitude
of the Earth’s magnetic field (assumed constant along the
line of sight). The normalized pulse function f quantifies
the fractional amount of radiation output of the burst as
a function of time. The argument appearing in the pulse
function is

~ / 2 / 2 Sin(WT/)

7(r, ™) =7—(1—Bcos” )7 + Bsin*0———=. (5)
Recall that the z-axis has been aligned with the geomag-
netic field, so that € is both the polar angle and the angle
between the radial direction of motion and the geomag-
netic field.

The rate function g, which determines the local rate
at which Compton (primary) electrons are produced at
different radii, is

T dr’
9(r) = K 4rr2 A(r) ' (6)
Here Y, is the y-ray yield, measured in units of energy, K
is the kinetic energy of the Compton (primary) electrons,
A is the mean free path for v-rays interacting with the
Earth’s atmosphere via Compton scattering.

The integral in the argument of the exponential term
is over the radial coordinate and extends from the burst
point r = 0 to an arbitrary radius r away from the blast.
Finally, R(r) is the range of the primary (Compton) elec-
trons (it is assumed that the primary electrons travel at a
constant velocity Vj until abruptly coming to a stop after
traveling a distance R(r)), and v (7, E) is the electron

R(r)/Vo
/ dT / dTN ( ! Il)) y Tmin <7 < Tmax ,

else.

else.

(

collision frequency. Following [2] we have made the ad-
ditional assumption that the electron collision frequency
is large relative to the frequencies in the conductivity
and electric field. Typical curves for the radiation pulse,
mean free path, and Compton rate profile are plotted in
Figure 2.

Naively, the problem of modeling the EMP entails solv-
ing a (3+1)-dimensional system of PDEs. The assump-
tions and approximations made by Karzas-Latter have
greatly reduced the complexity, simplifying the problem
to a system of two coupled ODEs, Eq. 1. The time-
dependent source terms, Eq. 3, 4, are given in terms of
integrals which may be computed numerically. Thus, the
solution of the field equations corresponds to the electric
field configuration at a single moment in retarded time
7, along a line of sight from the burst point to a target
point.

To complete the specification of the model, additional
expressions for quantities such as the pulse function or
air density must be given. Unless stated otherwise, we
will follow Seiler [3]. The pulse function is modeled as
the difference of exponentials:

f(t) = {Oajb (e=at —

b—a

t<0
e ), t>0.

(7)

Here a,b are shape parameters The function is normal-
ized such that [ dtf(t) =

The air dens1ty is modeled as an exponential atmo-
sphere:

p(r) = poexp (—z/5) , (8)

where z is the altitude measured with z = 0 corre-
sponding to the Earth’s surface, and .S is the scale height.
The altitude may be given in terms of the radius from the
burst point as: z = H — rcos(A), where H is the burst
height and A is the angle between the radial vector and
the normal vector to the Earth’s surface. For the scale
height, the code will use a default value of S = 7 km.
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Figure 2. (Left): The radiation pulse profile, Eq. 7, with parameters a = 0.01 ns and b = 0.37 ns. (Center): The mean free
path as a function of distance from the burst. (Right): The Compton rate profile as a function of distance from the burst. All
plots were made following Seiler, as detailed in Appendix A and using the default parameter values listed in Table 1.

Many quantities are inversely proportional to the air
density, such as the mean free path for y-rays interacting
with the Earth’s atmosphere via Compton scattering:

A(r) = N2 9)

Here a value of A\ = 0.3 km is used. The Compton
range also scales inversely with atmospheric density:

_Po_ Ry = @K(1.265—0.99541n K)
p(r) Po
(10)

Here the units are implicit: K is measured in MeV, pg
in kg/m3, and Ry in m. The lifetime of the Compton (pri-
mary) electrons is given by R(7)/Vp, and this quantity
appears as the upper limit of integration in the source
term integrals Eq. 3 4. Seiler uses a maximum value of 1
microsecond for the lifetime, which roughly corresponds
to setting R(r) — min (R(7), 300 m).

The secondary electron collision frequency also
scales inversely with the atmospheric density:
Ve(T, E) = veo(1, E)po/p(r), with the sea-level value
given by:

Veo (7, E) = min (4400, max(v4, ué’o, V%)) s (11)
where
vé = —2507 4 4500, (12a)
043 E +1 if &
= [O-013E 51600 if < 50,000, (12b)
0.06 E 4 8000  otherwise,
Vg, = 2800. (12¢)

Here 7 is measured in nanoseconds, E in V/m, and vo
has units of ns~!. Note that v.(r, E) implicitly depends

on the position r both through the air density factor and
the E-field.

Lastly, the kinetic energy of the primary electrons is
needed. For Compton scattering, the final £, ; and ini-
tial I, ; y-ray energies are related via

B .
E, ;= Y : 13
T (1 —cosbc)E, ;/(mec?) (13)

The electron kinetic energy is then given by
K=FE,¢—FE,;, which determines the velocity via:
B=/(K2+2Km.c?)/(K + m.c?)2. A common choice
in the literature is to assume that the 7-rays have an
energy of 1.5 MeV, and that the electrons are created
with the maximum energy possible through Compton
scattering (corresponding to a scattering angle of
0c = m). This results in an electron kinetic energy of
1.28 MeV. Finally, it is assumed that each secondary
electron has a kinetic energy of 33 eV, and so the average
number of secondary electrons per primary is ¢ = K/33
eV.

The full list of parameters (not including constants of
nature) is summarized in Table I. The parameters are
divided into two categories: “fundamental” parameters
such as the height of burst H or the angle A, and “deriva-
tive” parameters such as the distance from the burst to
a ground target: Target = H/cos(A). The fundamen-
tal/derivative terminology is used to convey the fact that
the second set of parameter values are derived from the
first ones. Unless stated otherwise, the default values are
used for all results discussed below in Section III.

The Karzas-Latter model makes several approxima-
tions and assumptions that should be noted. The sim-
plified form of the field equations (Eq. 1) is due to the
high-frequency approximation wherein the spatial varia-
tion is assumed to be slow compared to the time varia-
tion. Additionally, the positive ions created along with
the secondary electrons are not modeled at all, and both
species of electrons are treated very crudely. For exam-
ple, in the KL model, each primary electron has the same
energy, is moving in the same direction, and produces the




Table I. Fundamental and Derivative Model Parameters

Parameter Meaning

Default Value

a pulse function parameter 0.01 ns7!

b pulse function parameter 0.37 ns~!

K primary electron kinetic energy 1.28 MeV

S atmosphere scale height 7 km

P0 air density at sea level 1.293 kg m~®
Bk magnitude of geomagnetic field 3x107° T
Ao ~-ray mean free path at sea level 0.3 km

H height of burst 100 km

A angle between line of sight and Earth normal 0 radians

Y, ~ radiation blast yield 0.25 kt

Parameter Meaning

Default Value

Ro primary electron range (see Eq. 10) m

Vo primary electron velocity /(K2 +2Kmec?) /(K +mec?)2 ms™!
B8 normalized primary electron velocity Vo/c

~y primary Lorentz factor (1- [32)71/2

q average number of secondary electrons K/(33 eV)

w primary electron cyclotron frequency eBg/yme s™!

0 angle b/w radial direction and geomagnetic field 7/2 radians

Trmin radius of upper absorption layer boundary (H — 50 km)/ cos(A) km

Tmax radius of lower absorption layer boundary (H — 20 km)/ cos(A) km

Ttarget radius to ground-based target H/ cos(A) km

same number of secondary electrons. Also, the primary
electrons should slow down continuously as they ionize
the atmosphere; instead, they are assumed to travel at a
constant velocity until coming to an abrupt stop after an
altitude-dependent stopping distance is traversed.

Another key limitation of the model is that it ignores
backreaction — for example, the turning of the primary
electrons in Earth’s magnetic field will generate an addi-
tional magnetic field contribution, which will then affect
the turning, which will then affect the generated field,
and so on. Incorporating this backreaction is also called
self-consistency in the literature. Although the KL model
is not self-consistent with respect to the magnetic field,
it at least incorporates some aspect of the backreaction
due to the 6- and ¢-components of the electric field in
that conductivity of the secondary electrons does take
into account the current value of the electric field via
the electron collision frequency, Eq. 11. However, note
that the contribution of the radial component is neglected
here. (The radial component is zero outside the absorp-
tion band, but non-zero in the absorption band, and it
would therefore contribute to the total field strength.)
Finally, the model also assumes that the geomagnetic
field is constant along the line of sight.

Even with these many assumptions, the model still in-
volves solving integro-ODEs. The conductivity, Eq. 4 is
especially challenging as it contains two nested integrals.
These considerations motivated Seiler to introduce a fur-
ther approximation to the model based on a small-time
expansion of the source terms [3], which is reviewed in
Appendix A. We have implemented the resulting model,
which we refer to as the Karzas-Latter-Seiler model, in

a Python code, and in the next section we present some
numerical results obtained using the code.

III. NUMERICAL RESULTS

The output of the model is the electric field along the
line of sight from the burst to the target. Of primary
interest is the value of the electric field evaluated at the
target point, typically located on the surface of the Earth.
The temporal variation is easily calculated by solving the
model for different values of retarded time. An example is
shown in Figure 3 for a burst with the default parameter
values, as listed in Table I. The field quickly rises to a
peak value in 15 ns, and then tapers off with a long tail.

Next, in Figure 4 the variation of the EMP intensity as
both the HOB and the weapon yield are varied is shown,
with the yield ranging across 5 orders of magnitude from
1 kt to 100 Mt. For reference, the yield of the weapon
dropped on Hiroshima has been estimated to be 15 kt,
and the yield of the largest weapon ever detonated, the
Tsar Bomba, has been estimated to be roughly 60 Mt.
The plot shows that increasing the yield will increase the
intensity, but with diminishing gains. In particular, any
further increases beyond a few hundred kt have a very
small effect on the peak EMP intensity. An important
practical consideration that arises for large yields is that
the Maxwell field equations, Eq. 1, become stiff, which
motivates the use of an implicit numerical integration
scheme.

It is often useful in policy discussions to understand
how the intensity of the EMP varies over the surface of
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Figure 3. Magnitude of the electric field at the Earth’s sur-
face (red curve with data points, left-axis) and the y-ray pulse
(blue curve, solid line, right-axis), both as functions of re-
tarded time. Note that the peak electric field occurs after the
peak pulse value.

Figure 4. Variation of the maximum EMP intensity at
ground zero, |E|, as both the height of burst (HOB) and the
total yield Yiot is varied.

the Earth. Although the Karzas-Latter-Seiler model is
a l-dimensional code, the results of many different line
of sight integrations can be stitched together to form a
full solution to the (3+1)-dimensional problem. First,
as above the variation over time can be easily incorpo-
rated by solving the model for different values of retarded
time. To incorporate the additional two spatial dimen-
sions, many different line of sight integrations can be con-
sidered, with each line of sight vector extending from the
same burst point to a different target point. For each
target point the model will receive as input a spatially-
dependent value of A (the angle between the line of sight
and the vertical), Bg (the norm of the magnetic field),
and 6 (the angle between the line of sight and the mag-

netic field), and will output a spatially-dependent profile
for the EMP intensity E(7) = |E(7)|. Given the many
assumptions made thus far, it is reasonable to model the
geomagnetic field as a simple dipole. However, the code
also supports the far more accurate International Geo-
magnetic Reference Field (IGRF) model of the geomag-
netic field [21]). Additional details are provided in Ap-
pendix B.

Figure 1 shows a contour plot for the maximum (in
time) EMP intensity as a function of latitude and longi-
tude for a 5 kiloton burst point 100 km directly overhead
Topeka, Kansas, USA. The characteristic “smile” pat-
tern is clearly present — the intensity is comparatively
weak at ground zero, and weaker still directly North of
ground zero, but is quite large in a half-annular region im-
mediately South of ground zero. The EMP only affects
ground points that are within a line of sight from the
burst, which limits the effect to a circular region whose
extent is determined by the burst height. Thus, the sur-
face intensity exhibits a discontinuous drop-off to zero
outside this boundary.

The observed variation of EMP intensity with lati-
tude can be understood in terms of a number of geo-
metrical effects. Of foremost importance is the angle
between the line of sight and the geomagnetic field, 6.
The current components vary with 6 as J§ oc sin(26)
and Jf x sin(f), c.f. Eq. 3, and so a line of sight with
@ = 0 will be entirely protected from the EMP as the
currents (and therefore E) will be precisely zero. For a
burst in the Northern hemisphere, 6 exhibits a sharp de-
crease to zero immediately North of ground zero (GZ),
and a sharp increase immediately South, implying that
the EMP will attain a minimal value of zero just North
of GZ and a maximal value just South of GZ. Note that
the two current components are maximized at different
angles, J§ at 0 = 7/4 and J¢C at § = w/2, and therefore
the angle at which the EMP intensity is maximized can
be expected to fall between these two values. A second
geometrical effect is that distance to the ground target
is r = H/cos(A), and thus the 1/r fall-off experienced
by the E-field varies as sec(A). This increases with dis-
tance away from GZ, and the net effect is to both dampen
the peak intensity of the smile and to move the curve of
the smile to closer to GZ. These effects are discussed at
greater length in [22]. A third effect comes from the an-
gular dependence of the norm of the geomagnetic field.
The norm of the dipole magnetic field increases by a fac-
tor of 2 as one moves from the (magnetic) equator to the
(magnetic) poles. The variations of the max (in time) E-
field intensity, sin(6), sin(26), sec(A), and Bg are shown
in Figure 5 for a burst point directly overhead Topeka,
Kansas.

Given that the dominant geometrical effect responsi-
ble for producing the characteristic angular pattern of the
EMP surface intensity is the variation of 6, following [22]
in Figure 6 we plot the relationship between burst height
and the ground distance to the geomagnetic max/null
points. The geomagnetic null point is defined as the sur-
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Figure 5. (Left): The variation of the max (in time) E-field intensity (left axis), and sin(f) and sin(26) (right axis) with target
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target latitude. Ground zero is indicated by a dashed vertical line. All plots correspond to a burst point located 100 km directly

overhead Topeka, Kansas.

face point for which § = 0, and the geomagnetic max
point is defined as argmaxsin 6. According to the above
discussion, the geomagnetic null point coincides with the
EMP null point for which £ = 0, whereas the geomag-
netic max point merely provides a rough estimate of the
max F-field point.

The distinctive “smile” pattern is hemisphere-
dependent: a burst in the Southern hemisphere would
lead to a “frown” pattern. This is because the incli-
nation angle of the geomagnetic field is positive in the
Northern hemisphere and negative in the Southern hemi-
sphere. For example, Figure 7 depicts the result of a
burst directly overhead Sydney, Australia, assuming (as
before) a dipole geomagnetic field. Of course, the actual
geomagnetic field is not a perfect dipole, and the EMP
intensity contours will depend on how the geomagnetic
field is being modeled. Figure 8 shows the result for a
simulation that used the more accurate IGRF model of
the geomagnetic field.

IV. DISCUSSION

In this work we have reviewed the Karzas-Latter model
of a high-altitude EMP, as well as a further approxima-
tion to the model introduced by Seiler. The model is
a rather crude approximation to the true phenomena,
but it is nevertheless quite useful because it converts an
inherently (3 + 1)-dimensional problem into a (1 + 0)-
dimensional problem (one spatial coordinate only). This
dramatic simplification helps to facilitate an intuitive un-
derstanding of the physics, and it also greatly aids the
implementation of a numerical code of the model. In con-
junction with this paper, we have made publicly available
a numerical code implemented in Python.

A key motivation for this work is the value to the pub-
lic and policymakers in having an open and transparent
EMP modeling code. For example, the code could be

used for scenario planning and wargaming in future con-
flicts where EMP might play a role. In particular, the
ability to quickly generate diagrams such as Figure 1 for
a range of weapon and geometrical parameters should be
quite useful for these exercises. The code can also be
used to inform the public about the qualitative effects
of an EMP attack. Lastly, we also hope that this code
might be a useful resource for scientists studying EMP.
We must stress the fact that the physics modeled here is
just an approximation, and a rather crude one at that.
The predictions are likely only correct to within an or-
der of magnitude, and the code must not be used in any
context where accuracy is of critical importance.
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Figure 6. The ground distance, computed according to the haversine formula, from GZ to the geomagnetic null point (left side)
and geomagnetic max point (right side) for bursts at different heights and latitudes. The horizontal dashed line corresponds
to the upper boundary of the absorption layer, and the nearly vertical segment for the 75°N-latitude burst corresponds to the
fact that the max point occurs on the boundary of the line of sight cone. Note that the geomagnetic null point coincides with
the EMP null point for which £ = 0, whereas the max EMP point will occur closer to GZ than the geomagnetic max point.
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Figure 7. Contour plot of the maximum (over time) EMP
intensity for a 5 kiloton nuclear detonation 100 km directly
overhead Sydney, Australia, using the dipole approximation
to the geomagnetic field.

Appendix A: Seiler’s Approximation

In this Appendix, we review Seiler’s approximation to
the Karzas-Latter model. The numerical integrals in the
source terms, Eq. 3 and Eq. 4, are undesirable from an
implementation perspective. This is particularly true for
the expression for the current, which involves two nested
integrals. Seiler’s approximation allows these currents to
be computed analytically.

The approximation relies on the difference of exponen-
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Figure 8. Contour plot of the maximum (over time) EMP
intensity for a 5 kiloton nuclear detonation 100 km directly
overhead Sydney, Australia, using the IGRF approximation
to the geomagnetic field.

tial form for the pulse function, Eq. 7. First, this choice
is convenient because it allows for the rate function can
be computed in closed form before any approximations
are made:

ny SG_H/S (A)/S
— _ T COS _ 1 .
9(r) 4drr2N(r)K P ( Ao cos(A) (e )
(A1)

Second, the source term integrals may be computed ana-
lytically if an expansion around w = 0 is carried out. To
leading order, the current is:



0

o(r,T)

where

oo(r,7) =

oo(r,7) [(ar—1+e7*7) 2 — (a < b)]
oo(r,T) [2 (aT +e o7

Cagr) 1
m ve(t) (b—a)T’

7<0,
0<7<T, (A2)

—a®T=7) —(a+b)] T>T,
(r) 1 (A3)

and where T' = (1 — 8) min(1us, R(r)/Vy) is the relativistically scaled lifetime of the Compton electrons. Here we
follow Seiler impose an upper limit of 1 us on the unscaled lifetime. The latitudinal Compton current is:

0
j§ (r,7) =

)

iSo(r) [((am)? —2a7+2—2e77) b — (a + b)]

i§or) e (e*T ((aT)* —=2aT+2) —2) & — (e b)] 7>T,

where

Jho(r) = eg(r)sin(20)

and the azimuthal Compton current is:
0

]g (r,7) =

Jg0

where

Jo(r) = —eg(r) sin(Q)w——

This approximation is valid when the dimensionless
product w7 is small, corresponding to early times or
a weak geomagnetic field. Note that the order of ap-
proximation is different for each of the three expressions
above: the conductivity is non-zero to zeroth order, the
azimuthal current is non-zero to linear order, and the lat-
itudinal current is non-zero to quadratic order. In Fig-
ure 9 we plot the three source terms computed using both
the original Karzas-Latter equations and Seiler’s approx-
imation. The sources are plotted as a function of time
for an evaluation point midway in the absorption region,
for a line of sight vector with A = 0 and 6 = 45°. Each
source term approaches zero as 7 — 0. At late times,
the conductivity approaches a constant and the currents
approach zero. The quality of the Seiler approximation is
seen to be poor for 7 ranging from a few tens of nanosec-
onds to a few hundred. The fact that the Seiler approx-
imations exhibit the correct late-time behavior implies
that the absolute error will be zero as 7 — oo.

jgo(r) [(aT —14+e797) g —(a+ b)]
iSo(r) e (e*T(aT —1)+1) 2 —(a+b)] 7>T,

7<0,
0<7<T, (A4)
w2 VO 1
— —_— A
4b—a(l-p5)3" (A5)
7<0,
0<7<T, (A6)
Vo 1
—_— A
b—a (1= )P (A7)

Appendix B: Problem Geometry and the Dipole
Approximation to the Geomagnetic Field

Included in the inputs to the Karzas-Latter model are
A, the angle between the line of sight vector and the ver-
tical, 6, the angle between the line of sight vector and
the geomagnetic field (assumed constant along the line
of sight), and Bg, the norm of the geomagnetic field. In
this Appendix, we provide details on how to compute
these quantities as a function of burst point B and tar-
get point T for the case where the geomagnetic field has
been approximated as an ideal dipole and the Earth has
been approximated as a perfect sphere. We note that
the code also supports more accurate treatment of the
geomagnetic field through the most recent International
Geomagnetic Reference Field (IGRF) models, which are
based on a spherical harmonic expansion up to and in-
cluding degree 10 or 13, depending on the year [21].
IGRF support has been made possible through the use
of the ppigrf package [23].
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the Seiler approximations. For the conductivity, an electron collision frequency of 4 x 10® ns™! has been used. The azimuthal

current is negative; here the absolute value is plotted.

1. Coordinate Systems

First, introduce a geographic coordinate system cen-
tered around an assumed spherical Earth, (rg, ¢4, Ag),
with ry > 0, ¢4 € [—7/2,7/2], Ay € [—7,7]. These can
be mapped to Cartesian coordinates (x4, Yy, 24) via [24]:

Tg =TgCOS Py COSAg, (Bla)
Yg = T COS Pgsin Ay, (B1b)
Zg =Tgsingg . (Blc)
The inverse map is:
¢y = tan"! N , (B2a)
VerRa”
cosl( = 2) . Yy >0,
A = VA (B2b)

1 Tg

—L <0.
) w0

The unit vectors associated with this coordinate system
are:

Tg = COS Py COS A T4+ COS Py SIN Ay Yy +sin ¢y 2, (B3a)

Gy = —sin g, cos A\, &, — sin ¢, sin A, Gy + cos by 2,
(B3b)

J

cos ¢ + v2(1 — cos ¢)

RU(SO) = Uwvy(l — COS @) + v, sin @

5\g = —sinAg &4 + cos Ay Yy (B3c)
The g subscript refers to the fact that the z-axis is aligned
with the Earth’s rotational axis.

For the purposes of describing the geomagnetic field,
it will be convenient to introduce a second set magnetic
of coordinates (7, dm, Am) With the z-axis aligned with
the dipole moment. (Note that these “magnetic coordi-
nates” are similar to, but not the same as the “geomag-
netic coordinate system” [24].). The associated Cartesian
coordinates are

T = T COS Oy COS Ay (B4a)
Ym = T'm COS Op, SIN Ay (B4b)
Zm = Ty SIN By (B4c)

The geographic coordinates will be used for the burst
and target points, whereas the magnetic coordinates will
be used to evaluate the geomagnetic field. The model
parameter 6 is the angle between the line of sight vector
and the geomagnetic vector, and therefore it is necessary
to transform between the two sets of coordinates. The
two Cartesian coordinates differ by the choice of z-axis -
and hence, by a rotation:

zg = Ry()Ty, - (B5)
Here, R,(y) is the rotation matrix corresponding to a
rotation of ¢ radians around the axis specified by the
vector v, and is given by the Rodrigues formula:

Vz0y (1 — cos @) — v, sinp v, (1 — cosy) + vy sing
cos p + vZ(l —cos p)
050, (1 — cosp) — vy sing vyv, (1 — cosp) + v, sinp

vyvz(1 — cos ) — vy sing
cos o + v2(1 — cos ) .



The conversion from one set of angular coordinates to
another may be accomplished by first mapping to the
corresponding Cartesian coordinates, applying the rota-
tion matrix (or its inverse), and then mapping back to
angular coordinates. It only remains to specify the angle
¢ and axis v of rotation.

The rotation matrix should map the magnetic North
Pole (mNP), located at (zmNP ¢mNP ,mNP)y — (0 ( 1),
to its location in geographic coordinates, which is approx-
imately 86.294°N, 151.948°E as of 2022 [25], correspond-
ing to (¢NF, XPNF) = (1.506,2.652) rad. This can be

accomplished with rotation parameters ¢ = /2 — d);nNP
and v = (—sin AN, cos ANP0); substiting these val-
ues in Eq. B6 yields:

mNP . .
x Uy SIN COs COs

g
—vgsing | = | cos gb’;NP sin )\Z‘NP

ymNP —
. =

mNP : mNP
zg Cos sin ¢

mNP mNP
oy A

(B7)
as desired.

2. Spatial Variation of Model Parameters

Equipped with these coordinate systems and the trans-
formation maps, we now describe how to compute Bg, A,
and 0. Given the many approximations made up to this
point, it seems reasonable to model the geomagnetic field
as a simple magnetic dipole centered around a spherical
Earth:

R 3
(BE)rm = —-2By (T‘E> sin ¢m7 (BSa)

m

11

Rs\®
(BEg)¢., = Bo (7‘) COoS O (B8b)

m

(BE>)\,,,L =0 5 (BSC)

(The overall minus sign is due to the fact that the
Earth’s magnetic “North Pole” is actually the South
Pole of the dipole.) The total magnetic field strength

3
is Bg = By I:‘—E /1 + 3sin® ¢,,, which changes by a

factor of 2 over the surface of the Earth, with maxima at
the (magnetic) poles and minima at the (magnetic) equa-
tor. Although the geomagnetic field varies continuously
with position, when performing the line of sight integra-
tion to solve the sourced Maxwell equations (Eq. 1) we
assume that the field is constant, with the specific value
corresponding to the midway point between the upper
and lower absorption layers along the line of sight.

Next, the angle A may be computed for each pair of
burst and target points, B, T, with coordinates:

T=(Rp,\",¢7), B=(Rp+H,X¢%. (BY)
The vector pointing from the burst to the target is then
xpT = 7 — p and the vector pointing from the burst
to the origin is —xp. Using these, the angle A satisfies

cos A= — BT T5 (B10)
|7 ||es|
Similarly, the angle # may be obtained using
zpT - Bp
coslt) = ————. B11
w57 Bx] (B1y

Note that in evaluating this expression care should be
taken to first transform the magnetic coordinates used
to express Bp into geographic coordinates.
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