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Abstract

An electromagnetic pulse {EHP) model Is developed which allows a

quick computation of the time development of the electric Flelds qene-

rated by a high altlitude nuclear burst. The mode! Is based on the

L AniE e St T i,

Karzaw-Latter high frequency approximation for high altitude EMP, which

describes fields generated by Compton electrons interacting with the

The proper choice of a gamma time output func=

earth's magnetic field.

tion, which can be Integrated in closed form, and » small angle approxi~

wation, made in the expressions for the Compton currents and air conduce

tivity, eliminate the time consuming numerica) integrations usually

necessacy in EMP models to compute the Compton currents and air con~

This results In & considerablie savings in computation time.

ductivity.

The mode' s presented in a manner which is simple to use but stitl

altows the varl *ion of the major theoretical parameters in the prob-

# simplified model of electron collision frequency as a function

of electric fileld strength is aliven which enables the model to predict

accurate results for nuclear weapon gamma yields up to at least 100 Kt.

The results predicted by this EnP model compare to within 5.53% with

results from the Air Force Weapons Laboratory CREMP computer code.

The computation time using the presented model on a LDC 6600 compu=~

ter is typically § sec or less for a 5 shake computation period in

steps of .) shake.
The model presented should be useful for both classroom instruc-

tion and nuclear vulnerability/survivability studles and snalysis prob=

lems.
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A CALCULATIONAL MODEE FOR HIGH ALTITUDE EHP
). Introduction

in recent years there has been 2 growing concern about the nuclear
weapon effect known as the electromaonetic pulse or the EMP, As the
theory of EMP developed It was realized that there are actually severa)
types of EMP which are characterized by the mechenisms which produce
them. Types of EMP Include surface EWP, system generated EHP (SGEMP),
and high altitude ENP, A comprebensive discussion of the va “ous types

of EMP Is presented by Kinsley {Ref 1}. This report will address only

one of these, that of high altitude EHP,

The EMP is basically a long range nuclaar weapons effact wherein
a high Intansity electromagnetic fleld is radiated over a wide frequency
band. The duration of this pulse Is typically on the order of shakes
{1 shake = ¥0°® sec). Specifically, high altitude EMP [s that produced
by a nuclear detonation above 20 Kw.

The high altitude EHP problem §s a subject of great interest to
the USAF due to its long range nature, and much effort goes Into pre-
dicting the time development of the fields. These high intensity ENP
flelds present a potential threat to weapons systems which rely on

electrical or electronic components, such as communications, electronic

counter measures (ECM), navigatlon, guicd s ¥ al , And many
others. The threat levels predicted by theoretical models have » di-
rect impact on the design of future Alr Foree weapons systems. These
threat levels also help to predict the survivabitity of present weapons

SYStees.
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The EMP generatlon models currently In use by the Alr Force Wea-
pons Laboratory (AFWL}, are highly sophisticated and use large amounts
of computer time. Other models available are very simple and glve es=
sentially order of magnitude results. The mode) presented in this re-
port Is intended to provide an alternative between these extremes,
qiving results close to those of the more advanced AFWL models but with
very short expenditures of computer time., One important capability of
this model Is its ability to account for a preionization level due to 3
precursor burst.

This model should be useful for quickly obtaining a meaningful
estimate of the EHP environment for paramster variation or for use in 2
classroom sttuation to give a fee) for the calculations involved in pre-
dlcting the generated EMP flelds and showing the effects of a gliven
parameter.

The theory behind the high altitude EMF mode! presented is based

on that of Karzas and Latter {Ref 2). Basically the Karzas-Latter

theory states that prompt gamba rays from the weapon produce Compton
electrons within a specified region of the atmosphere known as the ab-
sorption region., These Compton electrons are turned by the magnetle
fleld of the earth to produce the radiated electromagnetic fialds,
There are several assumptions which are basic to the Karzas-Latier
model. These assusptions are: the earth's magnetic field is assuned
te be uniform, the maonetic fleld lines have no curvature in the gasma
ray absorption layer, the earth's surface is assumed to be flat, the
gama rays are monoenergle, each gamna interacts with the atmosphere to
produce only one forward directed Compton electron, the Compton elec

trons produced are also considered to be monoenargic and have a constant
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velocity throughout their 1ifetime, and only the high frequency portion
of the pulse 1s considered,

One addftional approximation s made in this study. This is a
smz]1 angle approximation Tn the trigonometric expressions for the Comp-
ton currents and air coaductivity. This approximation, with the judi-
cions choice of a function to represent the time dependence of the wea-
pon yield, leads to closed form expressions for the Compton currents
and air conductivity. This saves consiaerable computation time and

greatly simplifies the calculations. For this approximation to be

valid the eyclotron frequency w of the Compton electrons in the geomag-

netic field must be smail enough so that the small angle approximations
for sin wt and cos wt, where t is in seconds, are valid.

1n all cases where quantities vary with the atmospheric density,
an exponential atmosphere mode!l is used.

Factors not considered in the model are recombination of ions,
avalanching or cascading of secondary electrons, X-ray effects, and

self-consistent electvomagnetic fields.
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1. Theory

Cvervlew

Since the solution to tha EMP problem is actually the solution of
a classical electronagnetic theory probiem, the derivation of the mcJe)
equations reduces to putting Haxwell's equaticns into a convenient form,
This is essentially accomplished by expressing Haxwell's equations [n
spherical coordinates and transforming to 5 retarded time frame. One
must also develop expressions for the currents and conductivities of
the system in the absorplion region, The general equations d.iuribing

the high altitude model of Karzas and Latter bave been derived in great

detai) by Chapman {Ref 3}. Only the major points of the derivation will

be given here. The system origin is assumed to be at the burst point
with detcnation at time t = 0, This geometry is illustrated in Fig. 1.
The key points to be remembered in this mode) are:
1. Each gamma ray gives rise to one dowsward traveling
Compton electron.
The elestrons are turned by the carth's magnegic fleld
giving rise to 3 centrifugal acceleraticn.
The relativistic electrons radiate energy in their
forward direction.
The gamma rays and the EMP radiation travel at the
same speed, This leads to constructive interference

of the radiation from eath of the elsctrons,

Particle Donsitisg
The gamma rays from cne nuclear weapon travel in a straight line

to a point where they produce Compton etectroni. At any given polnt r
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the number of fammas whbich interact $o produce Campton elactrons

m

wherz A{r) is the mean free path of gamna rays to sroduce Compton elec-
trons, Y is the gamma yield of the weapon in electron voles {e¥}, and E
is the mean gamma energy in eV,

Equation (1} may also be called the radia) distribution function,
or an attenuation function for interacting gaswa rays, The % tere is
the total number of gamma rays available from the weapon., The lurd

term accounts for the divergence of the garmma rays as the radius r Is

increased while the reraining terms account for the reduction in gammas
due £o th.ir absarption In the atmesphere, based on the mean free path.

It is assumed that the gama mean freze path varies as the expenen-

tia) atmosphere. This gives the functional relationship between X and

r:

Ar) = Ag exp [{HOB - ¢ cos A, . (2)

where

by % gamma mean free path at standard pressure
HOE = height of burst in ¥m above the carth's surface
r = radial distance from the burst point to the noint of interest
A = angle between the position vector : and the vertical

$ » atmospheric scale helght

With this assumption, Eq {1} can be integrated and becomes

_!’_ } . 5 _ HOB~ T £_cos AN
9ir) Ehnr’:\{r)”p{ kocosl\“p( 5)‘_“"’( $ } ‘]}

(3
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Now iF f{t} Is the time ¢iscribution function of the weapon vield,

the rate of Compton electrons, ng, produced at 3 afven point ¢ and time

t is glven by

w2 -5) 3

Each Compton eclectron produces through inelastic scattering evenis

several secondary e¢leckrons which forn the basis for the conductivity

of the atmo= “ere. As in the Karzas-Latter approach, each Compton elec-

tron is assvmed to have a constant speed, Vs throughout the ranae, R,

of the electron which is a fuaction of altitude. This allows the 1ife-

time to be expressed as RNO. If each Compton elactren produces secon-

dary electrons at a constant rate, the rate of secondary electron, ng,

production is

dng  E./33 av
o __R/V° ne (s)

where E¢c is the encrgy of the Compron electron and 33 eV is the average
ionization energy per air molecule {Ref 2.
Lonsidering the differentlal current produced by the Compton elec-
trons, It can be shown {Ref 3} that the Compton current and the number

of Compton electrons are given by

RV, .
i) - o N E e e s XED -
JE () e glr) i vic*) f {t-+ . )dt {6}

/v -
n(t) = glr) £ ° (t -1 % x—(-:—l) dr*
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where
¢ r
c

-

t the time since the creation of the Compton electron
%X{r*} = the radial distance the Compton eleciron has traveled
¢ = the magnitude of the electron charge
The auantity T is aenerally known as retarded time.

it then follows from Eqs (4) and {7} that the number of secondary

electrons is

v, 1 RNV
ns(r)aiﬁgg{r)f rf of(t"‘l:"*'
- O

uvhere q 1s E./33 V.

Currents and Conductivity

In the Karzas-Latter theory, the vpeed of the Compton electrons Is
considered to be a constant, however, there is an acceleration due to
the geo~aonetic field. The general equation of motion for an electron

in this case is
d -+ - - - -
Y myY==-c{E+VXE -m eV

vhere
the electron rest mass
the clectron velocity
the electric field
the magretic fietd
the clectron collision frequency

1 - Wore))
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1§ the relativistic motion of the clectron T considered, only the
¥ A B term is important and in soberical coordinates, the exXPressions

for the velocity components become (Ref 3}
¥, # ¥, {sin? 8 cos ut + cos? o) (19
Vg = ¥, {cos ¢ sin 8 cos ut = sin & cos 6) (1)
Vg = Vo (sin 8 sin wr) {12)

*

where w i the cyclotron frequency for an electron and is oiven by

o= —2 {13)
my

with B, the magnitude of the qeomagnetic fletd.

Fron Eq {10}, %{t”") is found to be
%) = v, {:sinz 8 m;'-"lt-:¢ 1* cos? e)

The Compton currents may now be written as

. R/,
Jile) = - eglr) ¥, £ [£{T)(cos? & + sin? 9 cos wr)] dt° {i5)

3 y RN
Je(r} = - eglr) ¥, L [F{T) sin 6 cos 6 {cos we” = 1}] dtr~
{16)

. RN
Jait] = « eglr) v°£ [F(7) sin ® sin wr”] d¢* {17}

where
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far-~- (I - V0 cast l3\,'c'*-"'_°.sir|2 p Sinwr”
4 G "]

In a sinilar nanner Eq (8} becomes

T 8/\'0
ng{z) = % g(r} {a [‘j; f(r") dr“] dr”

where

T’st‘-(l -!E'-cosz 8) 1-“.,225;“305;.“_“1:.: (20)
c [ w
Equations (15}, (16), (17}, (18), and (20) may be simplified if
the factor o7 is assumed to be small, In this case a Taylor series
expansion for the sin and cos of wr, including only first and secand
order terms, is

sin wt = T {21)

witd

cos wr = | =~ (22)

expressions for the Compton currents now hecome

N
? re2e{T) ¢t

-

RV, 2R
- eglr) ¥, [ TR sin 0 2= {

(23}

3 RiVg
eq{r) v, sin 0 cos # ‘-;-—g 17 2£(T) dt” 2

RN
~eglr) ¥, sin 0w i v (1) dr”
°

V-8«
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v
where = -2,
<

tn o like manner £q (20) becomes
T*=at" - {1 -8t {27}

An expression for the conductivity may alsc be found by using the
equation of wotion for the secondary clectrons. These electrons are in
the thermal regions with encrgies ranaing from about 10-15 e¥ to the
aroient enecqgy. It should be remembered for later use that the ambient
energy of the secondary electrons is dependent on the electric field
present. For consideration here, It Is assured that v % I and 2¥so that
the chonge of velocity with time is small conpared to the other terms
in Ea {2) so that _%% may be neglected. Also, with low velocities, the
? X 5 teem is smal i compared to the remainiag terms and may 2lso be
neglected, Then the velocity of the secondary elzctrons is

-
‘.‘a-.e—-_

e
Using Eq (28}, the current due to the secondary electrons ts

J5(c) m - e Vngle) = f,'z‘;'f ng{r) (29)

-
Comnaring £q {29) to 75 = of, an expression for the conductivity

o(t) = L nglo) (30)
4

Equations (19}, (23), (24), (25), (26)}. (27), and (30) provide the

desired expressions for the Compton currents and the conductivity.
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Field Equatlions

Haxwell's equations is rationalized &S units are

Ex‘z’--;}f. 31)
TxBaug e B2 52)
«* =+ Oy

TEm ;; (33}
TEao {34)

-
where q, is the total charge density and J is the total current density.

In addition to these equations the continuity of charge requires that

3(:‘., L
—_—t Tl =0
o (35)

- -
Combintna these equations to separate € and B and transforming
them into spherical coordinates and into the retarded time frame (Ref

- -
3) the relations for E and B becone

ey €, ¥
{36)
r213a
Ay ._;-r-;(rs) *uy W - v, Jr)] LR
- P2 . PN NS A
VB s ug VX J 3y T eE (re}
{37}

In the Karzas-Latter medel, only the time derivative portion of
Eqs (36) and (37) are kept since the curvent variation with distance

is slow compared to the variation in time for the high freguency com-
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ponents. Also the fields and currents vary rapidly in time. This
anproxication is volld for about F00 shakes, Th $ sane high freauency
anproximacion is used here. In addition, the rodial component of the
fileld is dropped since it is weah conpared to the transverse conponants
and contributes only 2 very bow freguency sfanal {(Ref 2). The equa-

tions for the transverse componcnts are

(38)
(39
{40}

The currents in Eqs (38}, (39}, and (40} are total currents, The

total currents are given by
c
Jog® Yo.at 90) £ 4 (41)

Substitution of Eq (&1) into £os (33}, (38), and (4D} and intepra-

tion over time gives

{rEg) + ugd§ + ug olt) €5 = 0

- (rEg} + “o"; + g olt) Eg= 0

(rgg) - ;3 ; - Ep ofx) Eg = 0

u u
(rB) + 238+ 2g(t) gm0
o't : 8
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Equations (#7) and (&3) are in a forn which con be solved. The
terme aceded for solution of these eaquations are the alr conductivity

and the transverse components of the Compton currents. The air con-

ductivity may be found by using Eqs {I19) and {30}, The trensverse com-

nonents of the Compton currents may be found by using fas {2%) and (25),
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th. Hodel Considerations

Gencral

While the basic relaticnship cxpressions have been developed be-
tween E. 3. und 3, scoe additional consideraticns are necessary in
dzvelosinn the presented moded. These include such items as the form
of the function f{t}, the average encrgies of the aamma rays and (omp-
ton electrons, the mean free path of the fasma rays and the range of
the Compton electrens, and the collision frequency of the secondary
electroas, The validity of the small angle approximation must also be
exdnined. Each of these will be discussed separately in this section.

When all of the itewns discussed in this section >~ combined with
the equations given in the previous section, one obtains a straight-
forward ard simple caleviational model for predicting ENP environments

from high altitude nuclear bursss.,

Tire Depengence of Garma Rays

liany functions have been pronosed to descrike the time dependent
output of a nuclear weapon, f(t}. These pulse shapes are often tzken

to be of the form (Ref 4)

Flt) = exp (- 5:-- ﬁt) u{t) (46}

where U{t} is a unit step function havina a value zero for negative
arguments and wnlty for all others, and o aad £ are coastants describ-

ing the rise and fall of the pylse. Another form often used {Ref 5} 1%

{a+28) expalt -t

f =
© g+aexp [lass)t-12)]

an

13
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where t, is the position of the peak value of the function. One fea-
ture of these functions is that they connat be intearated ‘o closed
form, ond thus EMP codes which use the functions involve ime consuming
numerical intcoration schemes for calculating the Compt  currents and
the atmospheric condyctivity.

A basic idea in this investigation was to select functional forms
of f(t} that could be integrated directly, thus yielding substantial
savings in computation time. There are two constraints that the func-
tional form of f(t) should fallow. The first constraint is that the
function be integrable in closed form, A second constraint is that the
function should match reasonably well those cerrently in vse for EMP
calculations.

Since each of the functions qiven in Eas (L6} and (47) has am
exponential rise and decay, orime consideration was given tn functions
having these same characteristics. With this in mind, the field was
narrovied down to the fol loving normal ized funetlons:

£t} = 3 fso fexp (~at) - exp {-2t}} U{z)

[exp (2¢) - 1Y i), tg

to

£{t) “:'a'

fexp {8ty ~ 1T fexp - ale = t)] Wit ~ &) (49)

where | Is a normaiization constant.

1t should be appsrent at this point that the first constralnt
given could not be met without the sinplification made to £q5 (16),
{17}, (18), and (20) by the sma)t angle approximations in £qs (21) and
(22},
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Afrer further study, it was determined that £q (83) would £it the

functions aiven in Eqs €46} and {h7) closely except for very narrow

puises. Figure 2 shous the shape of a typical lona pulse. It is 2 oiot

YLy i

of £q (4E) with a = 107 and 8 & 3.7 {10)8, The X marks indicate the

i

vatues corputed from £q (U6) with 2 = 107 and 5 = 107, Ffigure 3 shows

in this case, Eq (43) witha = 2

a plot of 2 typica) marraw pulse,

(1033 and 3 = 3 (10)%, and Bq (46} with a = 2 {10)°% and & = 2 (10}8

were used. The values from Eq {4€) are soain annotated by X marks. The

curve corputed from Eq (48) has been shifted ie time away fron the ori~

This was done

gin in order for the peaks of the two functions to match,

for an easier coemparison. The result of this ranipelation is to offser

the cimes in the {inal caicalations by the ancunt necessary to shift

Eq (58). In both Figs. 2 and 3, the functions were normalized to &

pcak value of one For comparison purposes.

Equivalent comparisons wsing Eq (49) in place of €q (42} indlicated

Thus Eq (B3) was

that £q {42) would give a better overall versatility,

chosen as the puise shapa fur tne sample calculations of this EMP model.

Energies

Two energy values are needcd im the model, that of tiwe garma rays

¥arzas and Latter (Ref 2} sugaest

asnd that of the Compion electrons.

This implies no

a3 1 neY gomna and a b MeV Compton recell encray.

Chapran Ref 3} uses 1.5

eneray loss in the Compton creation process.

MaY¥ aamna rays and 1.23 HeV Compton elecirons, which are rhe rost ener-

The valucs vsed in the AFWL

getic availaile from 1.5 HeV gamma rays,

rodels vary somewhat {Ref %), but the most common value appears to be

These Comoton elec-

1.5 Hat gamma rays snd .75 HeV Compton electrons.

tron energles are sctually the kinetlc energy transferred to the elec-

17
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TYPICAL NRRRGH PULSE
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tron feom the 9avna ray and assume the Compton electrons are only scat-
tered foruvacrd. The cneray of 75 Ho¥ from a 1.5 MoV qamma ray corre=
b sponds to the aversae encray transfer in o fompton creagion process

v N {ref 6). This Compton ¢lectron encrgy is glven by

T e {1 - og/c.) tw (50)
where
.f T = average recoil eaergy
3 gg * average Lompton scattering {non=absorption) cross sectlon
6. = average Compton collision {total interaction) cross section

hv s anergy of the garma ray

ot

The values of og and o are from the Klein-Rishina formulas (Ref €).
Uith these considerations, 1,5 Ne¥ garma rays are assumed while

- . the Compton energy is left as a variable.

: A question directly related to the energles is that of gamma mean

[ iree path and Compton range. The mean free path is defined as tha in-
verse of the total cross section. For Compton craation the total macro-
scopic cross section is the number of electrons times the absorption
microscopic ¢ross section. The absorption cross section is the Jiffec-

3 ence between the collision {total interaction} and scattering cross

; i sections. Uslng this definition, the mecan free path varies little for

gamma energles between 1 and 1.5 Me¥ (Ref 6} 3o that the value sugaes-

ted by Xarzas and Latter of 300 m at stondard pressure is a reallstic

value and 1 used in the model.

i Katz and Penfold {Ref 7} nive relationships between electron
energy and range in any material, For electrons with energies less

than 2,5 HeV the relfationship is

20
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R = (k12 Eo{a.zt,s - 0.5956 1n €5}y, (51)

where R i5 the range in en, £, is thn cnergy in HeV of the electrom,

2 and D is the density in mg/em® of tne material of interest, For a .75

S He¥ electron and an air density of 1,293 mafend at standard pressure,

For a | NeY electron the range is 3.18 m, which

the ranae is 2.23 o,
Since the Compton recoil energy

shows an increase of almost one meter.

is taken as a variable and the range variation is considerable, Eq (5t)

with am air density of 1,293 mg/cm® is used in the mode! to conpute the

range of the Compton electrons at standard pressure,

Another factor which is a function of Cornton electron energy is

the velocity of the Compton electrons, The energy used for the Compton

electron is considered to be the kinetic energy of the electron. The

The relati-

total encrgy is thz sum of the kinetic and rest cnergies.

vistic relation here is

E + My = mgY (52)

where E is the kinetic energy in eV and my 8 the rest energy in eV,

Equation (52} may be solved for the Comoton electron velocity to get

vomel - (2 T (s3)

€quation {53) is also used in the model.

The energy from the prompt gacma rays is assumed to be deposited

in an absorption region from 20 Kn to 59 ¥m above the carth's surface.

This is based on calculations by Latter and Labevier {Ref 8},
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Compton Electron Lifetime

The lifetinme of a Corpron eleciren, as previouwsly defined, is
given by the quoticent of the electron ranoc B and its constant speed
VYo The range at any given alritude is found by exoonentially scaling
the standard pressure vatue found from £q (51) and the sea level alr
density. Since the hioh frequeney soproximation is only valid for
about 100 shakes, the ¥ifetime should not be allowed to exceed this

length cf time.

13
«

Small Anale Approximation

- One inportant factor for this model is the validity of the smal)
angle approximations leading to Fqs {24), (25). {28), and (27). This
can be somewhat arbitrary, depending on the amount of error one is

- \ #illing t» accept. For the use of this analysis, a 2% error will be

considered acceptable. With this limit the maximun value for the solu-

tion of sin A = A is A= .34,

The maxirwm geomagnetic field in the narma ray absorotion region
is uswally taken to be a .6 gauss (Ref 4}, A mininum kiactic energy
of .5 MeV will be assumed for the Compton electrons, The time which
satisfles

wr = 3 (54)

is the maximum time duration over which the scall anale approxImation
is valid,

Equation {13} gives the expression for ». This will be & ma:imum

when ¥5 is a maximum and v is a minimum. For y to be a mininmum, the

% particle speed must be a minirum. The speed of a .5 MeV electron is
1 .863c. Mith these factors « is 5.33 (10)%. Selving for v in Eq (54),
22
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the result is v = 6.5 shakes, This is however a very worst case. In

ik

vt “M . et .

A
SLE S

most situations the electron cneray will be considerably areater than
24 .5 He¥, For an electron of 75 “e¥ with a speed of .9)h2c, the time
timit is © = 7.9 shakes. If the geomagnetic field is .3 gauss, which

is often the case, the time limits above will be doubled, 3

R The minimum length of the confidence interval should be 6.4
¥ shakes, As the electron encrgy increases, the length of the confidence

interval will alse increase. 4

Electron Collision Freguency

1n previous EMP models two general approaches have been taken to

find 3 value for the air conductivity. The first uses Eq (30) and

() assumes a comstant coltision frequency scaled to an exponential atmo-

, . sphere, This approach tends to Timit the usefulness to a rather nar~

e

rea range of gazma yickds if accurate answers are desired. This basic
approach 1s the one susnested by kKarzas and Latter.

The second approach is the use of the electron transport eguations
{Ref 9) to solve for the secondary electron velocity. This velocity is
then used to compute the sccondary currents directly. These equations
hawever, require an iterative solution which is very time consuming.

Since the mode] developed here is desired to be as simple as
possible to use and understand, but still give goed results over as

. wide a range of garma yields as possible, an intermediate approach Is

desirable,

When a secondary electron s created, it has an eneray somewhat

higher than its ambient energy. The secondary electrons transfer thls

additional energy to air molecules through doth elastic and Inelastic

» collisions, The time required for this process to take place is known

23
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as the thermalization tioe. Saum (2ef 10) tas ~arhered data to show
that tee therralization time for low energy (atout 10 oV or loss) elec-
trons at sea level is anproximately & nanosecond, Usinn an exponential
atposphere model, thls thernalization time corresnonds to anaroximately
2 shaokes at 20 ¥n and to over a microsccond at 56 ¥m. The thermaliza~
tion time in the 20 ¥m case is on the saqe order as the time seale of
interest {a few shakes) for the hiqgh altitude E€4P problen. The scale
height used For the sxponential atmosphere is taken as 7 4. This value
is based on a curve fit of data from the U.S. Standard Atrosphere of
1962 (Re® 11}, This scale height of 7 Km is used throushout the model.

Caum also shows the effece of an applied electric fistd on the
a=hient electron energy. The secondary electron ambient encrgy in-
creases with increasing field stremaths above 10% volts/m. For elec-
tric field strenaths belew 10% volts/m there is Vittle or no effect.

if the thzeralization nrocess is assuned to be & linear function
of time and the lower energy linit of the secondary clectrons Is as-
sured te be a linear function of the electric Field strenath, these
effecss con ke easily incoroorated into the E4P rodel beina developed,
It is however, neces.ary to deternmine the coefficients of the xssumed
functions.

The tine dependent function is b3sed on the thermalization tine
at 20 Kr. The coefficients for the electric field deoendent function
arc based on an erpirical fit to the peak electric field values from
the AFWL CHEWP model (Ref &4}. In order to set an acccotable fig, It
was found that the field dependent function had to be spiit into two

linear fanctlons. Stnce the electron eneray and colllision frequency

are divectly related {Ref 9}, the linear relations described above may

24
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be exoressed dicectly as etectron callision frequency. The functions

described are

(55a)

v = =2.5 {10020 ¢ 4+ 4.5 (19)12

Frad AT el L e i

v= 043 (10)% € + 1.6 {19)12 €5 (o) (558)

E> 5 (10)* {55¢)

v=6 {10}7 E + 0,8 (10)12

where t is retarded tire in seconds and £ is the electric Field

strength in volts per meter,

The collision freouency at sea level is taken as the maximun of

Eas 55) and 2.2 {10)12. In no case is the collision frequency al Towad

to exceed 4.h {10)12, The collision freauency is then scaled using an A

expongntial atmosohere. The lower Vimit valoe of 2.2 (10)12 was deter-

mined emdicically while the uppoer bimit valus of 4.4 {10)12 results

from the collision frequency being essentially independent of the alec-

tric Field for extremely high fields (Ref 2).

Prefonization

The problem of preionization by a nprecursor bursg may be handled

This is because of the

quite easily by the nodel developed here.

chofee of the qamna vield function of Eq {48) and the small anale ap=

proxirations of Eqs {21} and {22}, which allows £q {19} to be Integra=

tad in closed form to oct the number of sccondary eclectrons as a fung-

The total ajr conductlvity

tion of retarded time for any altitude.
for a burst with & precursor burst is comouted from the total number

The colll-

of secondaries from both bursts at the time of interest.

sion frequency should be based on the time since the precursor hurst

and the electric field strenoth dve to the maln burst at the time of

interest.
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it is in the zaleuwlation of the number of secondary electront from
a precursor burst where the tine confidence Vimit of the small angle

approxinations is greatly exceeded. The term of interest here is

3 sin wt”” g Eq (20). Since this term and its small annle approximation
o
3 1°° both have maximuns on the order of 107%, and recombinotion §s a
7
t noticeable factor, on preionization time scales, any error introduced &

: by the small angle aporoxination should be tolerable, .

[ *

t Calculation Hethed 4

3 The time developnent of the EMP signal may be found by the numeri~ :.

; cal integration of Eqs (h2) and (43} over the absorption region along 1 :
« 3 the Tine of siaht between the burst point and the target for retarded

times from 0 to t, The distance from the burst point to the top of

é the absorption region along the line of sight is called RMIN while the %z
L.; corresponding distance to the bottom of the absorption region is called } :
E: RisX, The distance to the target from the burst point Is r. It should .
be noted that above and below the absorption region there are no cur- ; ke
-I rents or air conductivity so that the only con'ribution to the electric 1

field is over the absorption region. The integration limits are then

Lot sk nd

[

R4IN and RMAX as shown in Fig. | on page 5. RHAX will equal v If the

k. target is in the absorption region. A3

A

Because a numerical integration is necessary, this model is best
run on a computer. The results given in this report were calculaced
_ through a computer code usina the concepts and methods detalled here
. applied to the thecry given previously. The computer code caleculation
wil] be referred to as HAEMP in the next section.

For points below the absorption region, where both the Compton
currents and alir conductivity are zero, Eqs (42) and (43) have solu-

26
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T <
T l-:;-r- (r tg.ﬁ” “clJB,ﬂl {59)
L% tr gy gf << g ole) £y g (€0)

hold, the first term in Egs (&2} and (43} may be neglected and they

reduce to

Eg = = Jg/ol1) (1)
£y = - JGlolt) (62)

the values found from £as (61) and (62) may then be used with Ea (53)

to find the electric field at the target.
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To test the validity of the NAEMP mode), the comouted values of
this model were compared to available equivalent rmodel values from the

AFML code for EMP calculations hoowr as CHERP {Ref b)),

e -
-
B
IG
!w
ir-

|

e

The basic set of conditions used for these calculations was:

s o

target location = nround zero ;
X height of burst = 100 Km
4 s
! geomagnetic field » .1 qauss or 3 {i0)"% wh/im?

inclination angle = 0.0 degree

Compten electron recoil energy = .75 HeV
’ -; The aarma yield was v ‘ed and the number of steps taken for the
nuserical integration was varicd according to the gamma yield, with
more steps taken for the higher yields. Other parameters varied for
exanination of peat field values were turst height, acomagnetic Fiela,
and pulse shape. A preionization level was also considered.

The available data from the CHEMP (N} code, which is CHEMP rum with
non=sel frronsistent calculations, was computed using a pulse of the
form of Eq &6} with o = 10”? aad & = 147 and the same geometey as
aiven above. This pulse shaoe is alrosy identical te that of Eq (48]
with o = 167 and 8 = 3.7 {10)9. Sece Fig. 2 on page 1§, Using this
pulse shape, a ranae of gamma yields from .01 £t to 100 Kt was used to
calculate the EMP field vatues, The psak field values are plotted in
Fig., 4. The values taken from the CHEMP(H} code are annotated by X
marks. These peak field values skow a maxirum difference of 5,5%
around the 1 Kt case, and a differznce of less than 2% for all other

Knowh cases.
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The complete pulse out to & shakes for the .2% Kt case is shoun in
Fia. 5. hqain, values fram the IHCME (M) code are indicated by X earks,
Thare is excellent acreement for the first w0 shakes after which time
the #AEMP values fall off more rapldly. This more rapid fall is most
litely caused by two Factors, The first is not considering recomhina-
tior of the secondary electrons, which vould tend to reduce the con=
ductivity and allow the ficlds to fall off more sicwly. The second is
the stew breakaoown of the small asqle approximation ia coanutinag the
Compton currents.

The height of burst was varied to observe the effect cn the peak
fields for the varicus yields. This data is plotted in Fig, 6 for
altitudes of 60 &n, 100 %9, 200 ¥, and 300 &n. The aeneral trend of
Fie. 6 indicates that the field strenath increases as the height of
burst increases only for the Jarger yields. For the louer vields, the
fiald strength decreoses as the burst heioht increases, Examination
of the hypothetical curves in Fig. € inplies that the moximam EMP sig-
nal aenerated by any given yield depends on the haight of burst. For
example, using the curves in Fig. 6, it could be concluded that the
maximum EHP from a | Kt gamna yield would occur for a height of burs
somewhere betwewn 60 Km and 200 ¥ and for a .1 Xt aarwa yield, the
burst height would be less than 109 ¥m.

A test was also run to deternine the effect of a norrower qzrma
output pulse, A polse used by the AFWL in the CHEWP code for this
ourpose 1s of the form of Eq (46) with a = 2 (10}™® and 8 = 2{10)8,

An essentially identical pulse can bz achieved with Eq {43} wusina

a2 (10)% and 3 = 3 (10}®, Sce Fig. 3 on page 19. A plot of peak

fields vs yield is shown in Fiq, 7 for both ths narrow prise and the

3
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ofiginal lons pulse. This data points to a saturated peak field
strenath of 4,82 {10}" velts/m for the V80 ¥n Lurst case in a .3 asuss
agemannetic ficld. The narrow nulse curve shows that the peak Fields
arc hlgher For all yields, The data from Fig. 6 however shous that
the saturated field value preaicted in Fia. 7 does not hold For al)
burst heights.

Anocher factor which sheuld have 3 notfceable effect on the EMP
nenerated is the presence of a precursor burst. For this test a .03
Kt gamma yield burst wos assumed to have been duionated 10 usec orior
to the main burst. The pulse shape used to describe the qamma output
is the initial long pulse and is used for both bursts, The peak field
resulte are plotted in Fia. 8. The results of this test were au.te
dramatic. This data shows that the pean field of 1.6 (10} volts/m
from the .03 Xt precursor burst is not equaled untit the main burst has
2 yield of nearfy ! Ke. In geporal, the neak Field values with this
level of oreionization are the same as If the veapon vield was one
tenth of its actual yield, 4s the yvield of the main burst aces up, the
field reduction becomes less, At a yield of .1 Ke the fleld is reduced
by over a facter of 4. At .25 Kv the facter droos to 3 and to 2 for
the T Kt case. When the yiald finally reuches 100 Kt, the reduction
factor has drosped to 1,1,

The results with prejonization corpare Favorally with available
results from the AFUL (Ref 4). However, since & slightly different
geometry and some odditional source modellng were used, 2 direct com-
parison cannot be mads,

A last major Factor to consider for this model Ps the geodagnotie

field strength. The peak field values as a functlon of yield are
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plotted in Fig. 9 for the .3 aauss and the .6 gauss acomaanetic fields.
The Yaracr geonaznctic Field resulted in approximately & times 2 ip-
crease in the field strengths for all viclds considered,

One remaining result should be mentioned. This concerns the time
of the peak field value, Since for these ealeulations the fields were
computed in steps of .1 shake, the pead field time will be accurate
only to this linit, The peak for the .25 Kt case showm in Fio, § ge-
curs at 1.7 shakes for the PAENP nodel and at an estimated 1.3 shakes
for the CHEMP(N) code. As rhe yield goes up, the peak field value
cccurs earlier. For yields above .25 Kt, the peak occurs between 1.1
and 1.3 shakes for all cases examined. For all ylelds and altltudes
considered, the peak aluays occurred within £ shakes, with the majority
falling between 1 and 2 shakes.

Since the model presgnted ¥s sunposed to be a quick corputational
tool, some estimates on the caleulation times that can be expectad sre
appropriate. The times given herc are the average times used in com=
puting the results given phove and are based on 3 computer code rup on
a (DC G600 computer. The average computation time was 1.5 sec for a
5 shake calculation of the elcctric Field develoorent computed every
«1 shake using 50 steps in the numerical intenration. Increasing
cither the parameter of 59 steps or 5 shakes by any factor increased
the compatation time by the same factor. The presence of a precursor
burst had mo peticeable affect on computation time. When the approxi-
mations of Eqs {61) and (62) were valid, the time dropped to Jess than
.2 sec for a 5 shale calevlation.

An intercsting observation related to the numerical intesration is

that as Eqs (61) and (62) Become valid, the numerical integraticn cowld
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V. Conctusions and Recomendat fons

This report has presented a calculational nodel far the hiah al-

titude E¥P.  This model Falls Setween the very simnle and nighly sophis=

e B e

ticated models currently available, The mode! is easy to understand

but aliows the variation of the major theoretical paroveters. The model
X

4 is also simole encugh te use 50 that o preionization level car be jn-
corporated with a very ninimum of effort. The results given by this

model are in excellent agreement with the ovailable data From the very
sophisticated models usina the save neocetry. The computation time Is

on the order of a few seconds.

iy Uses
There are two primary uses scen for this model, The first Is for ;
- " sensitivity deterninations for a given parameter, such a3 orecursor
1 . yicld in preionization studies, height of burst for a fixed yleld, or
; changes in the casnitude and inctination of the aeomaanetic field,

Calculations using the MAEN® redel can help to evaluate the relative

irportance of the mony variables encountered in EMP problems, It is

useful in this role because it aives quick answers which are reasonably

accurate.

The second use is as 2 classroom model. The basic physics of the

hiah alvitude problem is present ip an casy to use forn uhich demon-

- strates how the curreats, conductivity, and electric Field interact

. with each other, SBecause the caic:!-tions required to get an answer are
minimal and straightforward, the physical processes are not lost in the
search for 2 result, as can happen all too easily with highly sophis-

ticated models. $ince the results are in relatively good agreement with

40
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the sophisticated models, the student coan leave the classroom with &

nzod concept of the overal! problem,

Linitations

The model deoes have its linitations, however. These are due to the
various assumptions and approximaCions used to arrive at the final
caleulational nodel. These assumptions and approximations showld be
kept in mind when using the model, IF this is done, the results from
any problem can be reasonably interpreted.

Two of the error sources are the smalil angle approximations and the
assumption of 2 flat earth. For the small anale case the error Is
nealigibtle at very carly times but increases as the time increases,

In the flat earth assumotion, any ervor is relatively constant for a
particular georetry, but changes when the gecnetry changes. This error
increases as the around inage of the target moves on the earth's sur-
face sway from the ground zero soint. The other assumptions also add
some error to the resules, but if the effects of thase assumptions are
remembared, the HAEMP model can te helpful for the solutions of a wide

range of TMP problems,

Recommendations

There are several areas of investigation which mickt lead to inprove~
rents in the HAEHP model. One of the more important oossible investi-
qations is to deternine if the electron transport eguations used In the
AFYL CMEMP madel to describe the secondary electrons can be greatly
simplified and used in the HAEMP model. Another ares is the possibility
of allowing recombinatien and cascading of secondary clectrons, The

use of seif~consistent clectronagnetic flelds is alse a possible source

&t




of ieprovement, This chamge however would hove to he examined very
closely to detertaine the effects it would have on the validity of the
small angle approximations, which are vital to the HAEMP model. An
additional possibility is the consideration of small anale scattering
of the Compton electrons, This could possibly be included by a random
elimination of som= Lowpton electrons for Compton current production
while stil} allowing all Compton electrons to produce secondary elec-
trons.

Each possible change to the HALHP model should be examined with
consideration to the tradesffs between more comnlete solutions and the

continged edse of use and understanding of the model,
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1 GEP/Fi/75~13 )

E:

3 HALDE Fode]_Sunrary,

: The user of the HAINP modal autt first getermianc che Folicwing
# narareters in NS unitssy

b the ganra yield ¥ of the weapon in HeV.

the height of burst (h0B} of the weapon.,
the magnitude B, and angle of inclination of the

) geomagnetic field in the sbsorption region.

the targst location in $phericil coordinates with the
. origin at the burst point and with tie polar axis
4 paralle) to the geomagnetic field lines.
3
3 the kinetic energy E. of the Cowpton clectrons in MeV.

the pararcters defining the gamma outbut pulse shape.

, the atnospheric seale height S to be wsed,
3 From these paramoeters, the valves for the anale A sad the two dig-

g tances SMIH snd RMAX uvsed for integration over the abserption reafon

can be fouad from dqzometry. The anale from the vertical to the line of

sight frow the burst point to the target is the acale A, as shown in

Fig., } or paoo 5.

The value of RHIN is the radial distance from the
DuUFst point to the top of the absorption layer {50 kn atove the zarth's

surface} along the line of sinht to the tarqet. The value of R4aAX is

the correspending distance to the bottom of the absorotion layer (20

¥m above the earth's surface). See Fig. 1 on pane 5.

The electric field development From tices O to t in steps of At in

the roiarded time frame is found by the nunerical integration of

Lo lrgg) +uy Jg +wy o) £y = 0 (2)

e
b
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{reg) + 0, J: *ucot) €m0 {&3)

over r from RAIN to RMAX For cach tire incre~ent, The initial condi=
tions on these equations are that €y ard Eﬁ are zero at t = 0. The
neaber of steps taken over the intearation interval will depend on the
Yicld of the weaoon and the acturacy desired. fo less than 50 steps
should be used or more than £00 steps necessary for qamma yields up

to 100 Kt.

The solutions to €95 (42} and (43} will give the electric Field

cerponents at r = AKAX. The total field strenath is given by

E=[(gy)% + {53)21}S

and the field strength at the target is given by

E{target) = g%fé;f:- (53}

The peix electric ficld value over the time interval 9 to 1 Is the
maxinum value Found using Eq (58},

in the special case uhere the conditiens

(rgg gl <cny i’:.ﬂi

{rEg )] << 15 olt) Eg g

hold, the electric field comoonents are aiven by
Eg = - J;fﬂ{?)

Eg = - Jg/ols)

4
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fhe values Srom tas {61) and {62) may then be used with Eqs {42} r_

and {53) to find the electric field 2 the taraet,

In order to integrate Eqs {42) and {43) or to compute Eas (61)
and {62}, the terms J§, J§, and o{tr) are needed as functiors of time +

and distance r. These are given by

2 8V,
Jg = ealr) ¥, sin & cos § %- i 2 £{T) d1” (24)
o

i RV,
; g = - egle) vy sin o w £ v F{F) de* (25}
. 3
clt} = oy ng (1} (30) E
vhere
; ' Y ] » 3 o HOB - r cos A
o) T O R s (e e (T, v
' ()
€)= e texp (=) = &0 (5T} U(D) (48)
o T RV
n (1) = -c'—R3g(r-) f l£ %4037} e} dv” {19
- Tav- {1-g) v {2¢)
Ta - {1-8) o {zn

v
with £ = R ard @ = £./33 ¥

The Compton clectron cyclotron frequenty w is given by

(3}

LY}
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The Cannton electron velocity ¥, is oiven by

o c T i-(E—:&;—\z] (53)

The Comoton electron range at sea fevel s given by

P = [f-li E=(I.265 - ;.09531 in EC} ]/D (S])

where 9 = 1.293 pafen®.  This rante is then converted to =cters and
sceled to the apprepriate value for the point r by multiolying the com=

puted value by

exp [(H0B - r cos A)/S]) (64}

Then the Coraton lifetime R/Y, is oiven by the quotient of the correce
ted R and Yq, but s never allowed to exceed one wsec.
The value of A{r} is given by the product of W {300 m) and Eq

{63).

Ths collision frequency vg at sea level is gives by the maximum

of
ve » <2.5 {10)2% ¢ + 4.5 (1p)12 (55a)
ve = 0.43 (1) E+ 1.6 (10012 E <5 (10} (55b)
c =6 (10)7 € + 0.8 (i0)12 £>5 (10}* {55¢)

or 2.8 {10)12 where t is the retarded time in sczonds and € is the elec-
tric field strength in volts per meter, The collision freguency is not
allowed to be greater tham 4.4 (10)32, The value of the collision fre-

quency is recomputed after each time step in the develonment of the
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clectric field. The sea lavel value is also scaled for altitude hy
dividing by Eq (54).
The intetrals in Eqs {(20), (25}, and (12) com be evaluated in

ciosed form., The step function U(T} in Eq {4R%) results in tuo expres-

sions for each of the intearals. The first set of exnressions ir
. used when t = (1 = 2) (R/V,) < & and the second when 1 = (I = S}RAV)
0,

When 1 = (1 = 8){RA',) £ 9, Eas (28), {(25), and {30) become

c & ! !
35{7) = calr) ¥y sin 6 cos & T oo {t - e)?

([{av)? ~ 25t + 2 = 2 exo {-3t}] 2=
#? (65)

= [(be}? = 2T + 2 - 2 exp (-br}] 32}
b2

J;(T) - - eq(r) 'U'o sin & @ E—-_—-—é—-m

{fatr = 1 & exp {-ar)} g—- [br - 1 + exp (~br}]

oo

«2a
olr) = —qlr) ROT,“I‘;'”(T'%}W

Tlu
N

{lar = 1 + axp {=21)] %- [br = 1 + exp {~br)] &N

When 1 - (1 - 8){R/V,} > 0, Eas (24), (25}, ard (39) becons
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. ] 1
JE(I) = enlr) Yo 5in € cos & %',-—- T e

2 (1 -8
{exp {~at} fexp {oL) {{aL}% - 221 + 2} - 2] ‘:'2‘ (8)
3 ) - oxp {-bt} [exp (L) [{6L)? - 2bL + 2] ‘:-2-1
J;(T] x = gaflr) Vo s5in 0 w I;—!-—;-(-i-'}—é)—z
b
{exp {-at) [exp {al) (st - 1] + 1] Y
(69}
- exp (=b1} [exp {pL} Ibt - 1] + 1] ':'}
Go 1 Ve 1 1
aft) = == glr} ViR b-al-E
. {g- faL = 1+ exp (-aL) = [exp (al) - ¥llexp {-av) - axp (-aL)]]
- [:_ bl = 1+ exp (bt} - [exe (bL) = V{exp {-b7)
- exn (-bL}1}} {70)

where L = {1 = 8Y(RNV,).
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