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Abstract

An electromagnetic pulse (EMP) model is developed which allows a
quick computation of the time development of the electric fields gene-

rated by a high altitude nuclear burst. The mode! i5 based on the

B T e it e

Karzas-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 funce

earth's magnetic field.

tion, which can be integrated in closed form, and a small angle approxi-~

mation, made in the expressions for the Compton currents and air conduc~

tivity, eliminate the time consuming numerical integrations usually

necessary in EMP models to compute the Compton currents and air con-

ductivity. This results in a considerabie savings in computation time.

The mode' is presented in a manner which is simple to use but stil)

allows the vari *ion of the major theoretical parameters in the prob-

lem.

A simplified model of electron collision frequency as a function

of electric field strength is given which enables the model to predict

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

The results predicted by this EMNP mode) compare to within 5.5% with

results from the Air Force Weapons Laboratory CHEMP computer code.

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

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

steps of .1 shake.
The model presented shouid be useful for both classroom instruc=

tion and nuctear vulnerability/survivability studies and analysis prob=~
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A CALCULATIONAL MODEL FOR HiIGH ALTITUDE EMP
1. Introduction

In recent years there has been a growing concern about the nuclear
weapon effect known as the electromaanetic pulse or the EMP. As the
theory of EMP developed it was realized that there are actually several
types of EMP which are characterized by the mechanisms which produce
them. Types of EMP include surface EMP, system generated EMP (SGEMP),
and high altitude EMP. A comprehensive 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 EMP,

The EMP is basically a long range nuclear weapons effect wherein
a high intencity electromagnetic field is radiated over a wide frequency
band. The duration of this pulse is typically on the order of shakes
{1 shake = 10-8 sec). Specifically, high altitude EMP is that produced
by a nuclear detonation above 20 Km.

The high altitude EMP problem is 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 EMP
flelds present a potential threat to weapons systems which rely on
electrical or electronic components, such as communications, electronic
counter measures {(ECM}, navigation, guidance, reconnaissance, and many
others. The threat levels predicted by theoretical models have a di-
rect impact on the design of future Air Force weapons systems. These

threat levels also help to predict the survivability of present weapons

systems.
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The EMP generation 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 give es~
sentially order of magnitude results. The mode! presented in this re-
port is intended to provide an alternative between these extremes,
giving 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 a
precursor burst.

This model! should be useful for quickly obtaining a meaningful
estinate of the EMP environment for parameter variation or for use in a
classroom situation to give a feel for the calculations involved in pre-
dicting the generated EMP fields and showing the effects of a given
parameter.

The theory behind the high altitude EWP model presented is based

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

theory states that prompt gamma 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 magnetic
field of the earth to produce the radiated electromagnetic flelds.
There are several assumptions which are basic to the Karzas-Latter
model. These assumptions are: the earth's magnetic field is assumed
to te uniform, the magnetic field lines have no curvature in the gamma
ray absorption layer, the earth's surface is assumed to be flat, the
gamma rays are monoenergic, each gamma interacts with the atmosphere to
produce only one forward directed Compton electron, the Compton elec~

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

One additional approximation is made in this study. This is a
smz11 angle approximation in the trigonometric expressions for the Comp-
ton currents and air conductivity. This approximation, with the judi-
cious 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 cyclotron frequency w of the Compton electrons in the geomag-
netic field must be small enough so that the small angle approximations
for sin wt and cos wt, whcre t is in seconds, are valid.

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

Factors not considered in the model are recombination of ions,

avalanching or ccscading of seccondary electrons, X-ray effects, and

self-consistent electromagnetic fields.
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1. Theory

Gverview

Since the solutior to the EMP problem is actually the solution of
a classical electronagnetic theory probiem, the derivation of the mcJdal
equations reduces to putting Maxwell's equaticns into 3 convenient form,

This is essentially accomplished by expressing Maxwell's equations in

- e
WS AAC A

spherical coordinates and transforming to a retarded time frame. One

must also develop expressions for the currents and conductivities of 4

x4y

E k- the svstem in the absorption region. The general equations d.:wuribing .

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

5 detail by Chapman (Ref 3). Only the major points of the derivation will 3 .

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. = k-
The key points to be remembered in this model are:
3 1. Each gamma ray gives rise to one downward traveling
Compton electron. 4

2 2. The electrons are turned by the earth's magnetic field R
: giving rise to a centrifugal acceleraticn, {' 3
3. The relativistic electrons radiate enerqy in their

forward direction.

EE R

L. The gamma rays and the EMP radiation travel at the E

E: same speed. This leads to constructive interference

.: , of the radiation from each of the electrons. A
2 Particle Densities E
j The garma rays from cne nuclear weapon travel in a straight line

to a point where they produce Compton electroni. At any given point r
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the number of nammas which interact to produce Compton electrons is

——eee ()
Yur2 A(r)

whera A(r) is the mean free path of gamma rays to produce Compton elec-

trons, Y is the gamma yield of the weapon in electron volts {(eV), and E

is the mean gamma energy in eV,

3 Equation {1} may also be called the radial distribution function,

or an attenuation function for interacting gamma rays.

The % term is

The bar2

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

the total number of gamma rays available from the weapon.

incrcased while the remaining terms account for the reduction in gammas
due to th-.ir absorption in the atmosphere, based on the mean free path.

It is assumed that the gama mean free path varies as the exponen-~

tial atmosphere.

This gives the functional relationship between A and
r:

Alr) = 2y exp [(HOB - r cos A). ., (2)

YN ORGP g aat

where

A = gamma mean free path at standard pressure
HOB = height of burst in Km above the carth's surface
r = radial distance from the burst ooint to the noint of Interest
A = angle between the position vector ? and the vertical

S = atmospheric scale helght

With this assumption, Eq (1) can be integrated and bacomes

Y i {5 _HoBN T r_cos AN
9lr) € hxr2 A (r) N )«oc:osAexp< SJL”p( s ) l]}

3)
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Now if f{t) is the time distribution function of the weapon yield,

the rate of Compton electrons, nq, produced at a given point r and time

t is given by

- dn
: . -
E g = aln) f<t

) )

of=

Each Compton electron produces through inelastic scattering events

several secondary electrons which forn the basis for the conductivity

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

tron is assumed to have o constant speed, V5, throughout the ranae, R,

of the electron which is a function of altitude. This allows the life-

time to be expressed as R/Vy. If each Compton electron produces secon-

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

production is

. dng Ec/33 eV i
FTIV (s} -

where Ec is the energy of the Compton electron and 33 eV is the average
ionization energy per air molecule (Ref 2).
Considering the differential current produced by the Compton elec-

trons, it can be shown (Ref 3) that the Compton current and the number

paray

of Compton electrons are given by

/Vo

J) = - e glr)

Orn T

Vi) £z en e BELY 6o B

[

R/V .
ne) = o) [0 ¢ (1= or e XD e ()
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where

-
]
~
'
ol

-

T

the time since the creation of the Compton electron
X{1”) = the radial distance the Compton electron has traveled
e = the magnitude of the electron charge
The quantity t is aenerally known as retarded time.
1t then follows from Eqs (4) and {7) that the number of secondary

electrons is

\/ 1 RNV .
T B I A G ey e I T )
- = 0

where q is E./33 eV.

Currents and Corductivity

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

in this case is

d -»> - -+ > -»>
TnwWe-e (E+V XB) -mvcV (9

vhere

]

the electron rest mass

the electron velocity

= the electric field

wd My <y 3

= the magretic field
ve = the electron collision frequency

(1 - Woie)2) X

-
n
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If the relativistic motion of the electron is considered, only the
V A B term is important and in soberical coordinates, the expressions

for the velocity components become (Ref 3)
V. = Vo (sin? 9 cos wr + cos? 8) (19)
Vg =V, (cos 2 sin & cos wr - sin § cos 6) (1)
Vg = Vo (sin 8 sin wt) (12)
where w i- the cyclotron frequency for an electron and is given by
eB,

w= 2 (13)
my

with By the magnitude of the geomagnetic field.

From Eq (10}, %{(x*) is found to be

X(c7) = Vo { sin? o 084 12 cos? 0))

N © J

The Compton currents may now be written as

R/V
Jﬁ(t) e - eglr) Vo f © [£(T)(cos? 8 + sin2 & cos wr)l dr” (15)
)

13 : RN
Je(t) = - eglr) V, | {F(T) sin 6 cos 6 (cos wr” = 1}} dt*
o
(16)

c RNo
Jg(r) = - eglr) V, £ [£(T) sin 9 sin wr’] dt* (17}

where
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Tugq- (l - Yo cas? 0\7‘+V_°.sinze§.iﬂ._“’_’_'.
~ c ’ c [

In a sinilar nanner £q (8) becomes

v 1 LIAP ) . 3
ng (1) = q_RQg(r) ):“ [(j, £(17) dr*° | dr

where

T‘x-'t‘-<|-‘ci‘3cos2 6\) r"+:-£sin20Ln:’-‘-'—: (20)

Equations (15), (16), {17), (18), and (20} may be simplified if
the factor ur is assumed to be small., In this case a Taylor series
expansion for the sin and cos of wr, including only first and second
order terms, is

sin Wt = WT (21)

wir?

2

cos wt = 1 = (22)

expressions for the Compton currents now become

RV, 2 RV,
- ealr) Vo [ {7 F(1) axe - sin? 0 &= 17 126(T) ¢r”)
- 0

-

(23)

2 Rl
eq(r) v, sin 8 cos 8 %— | 1°2€(T) dt* (24)
o

RN
- eglr) vy sin 0w ) «°f(T) dv*
°

(1 -8)*
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where f = !2-.
<
1n a like manner €g (20) becomes
Te=at" - (1 -8)1"" 27}

An expression for the conductivity may alse be found by using the
equation of motion for the secondary electrons. These electrons are in
the thermal reaions with encrgies ranaing from about 10-15 eV to the
ampient cnergy. |t 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 % 1 and also that
the change of velocity with time is smail conpared to the other terms
in Ea (9) so that .%% may be neglected. Also, with low velocities, the
v x 5 term is smali compared to the remaining terms and may also be
neglected. Then the velocity of the secondary elactrons is

Va-8_¢
ch

Using Eq (28), the current due to the secondary electrons is

- > e2->
JS(t) = - eV nglr) = g € ng(1) (29)

- >
Comparing Eq (29} to J° = of, an expression for the conductivity

oft) = %z- ns (1) (30}
Ve

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

desired expressions for the Compton currents and the conductivity.
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o fj_c_ld Equatlons
T
; Maxwell's equations is rationalized MKS units are
»3 Y
[ - -~ 3
£ v X -
& E= - (31)
: R
¥ A 2E
< \7)(B=u°.l+"?zt (32)
> gy
v.E = P (33)
0
> -+
9-8=0 (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 >
' B evdao (35)
at
. > >
Combining these equations to scparate € and B and transforming
them into spherical coordinates and into the retarded time frame (Ref
-+ ->
3) the relations for £ and B become
-> - - > -
- 92 + urL-V~J + 13
cey € Vv
(36)
3 T2)3
+ 37 Tvar (FE) 4y (J-urJr)] =0
* 4+ 3 T2 3
- 92p a A N
Vg s Mg Vx J + 37 i_rcar (r8)
- an
i
> — -
< (UDJﬁ ueJe)_j =0
In the Karzas-Latter model, only the time derivative portion of
Eqs (36) and (37) are kept since the current variation with distance
is slow compared to the variation in time for the high frequency com-
12
T——————— T ———. S~ o
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ponents. Also the fields and currents vary rapidly in time. This

approxination is valid for about 100 shakes., Th s same hiah freoouency

approximation is used here. In addition, the radial component of the

field is dropped since it is weah compared to the transverse components

and contributes only a very low frequency sianal (Ref 2). The equa-

tions for the transverse comnonents are

272108 (rEy o) 4y 9 =0 (38) :
' 3t " ¢r dr e.9 Yo e,ﬂ} »
I r213 () -2 - k
X ﬁ[??ﬁ(r 0) Z—Jﬂ] ] (39)
'y
3 7213 (rB,) e M0y =0 1o
* 'r'cFarhz)t?.OJ o)

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

total currents are given by

c
Je,g =5zt alx) Ee’g (41)

Substitution of Eq (41) into Eqs (38), (39), and (4N) and inteora-

tion over time gives
<
+ ugdg + ug ofr) Eg = 0

+ qu; + uy olt) €y =0

u u
+ 238+ Lolr) gy =0
c <
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Equations (42) and (43) are in a fora which can be solved. The

terme needed for solution of these eauations are the air conductivity

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

-

E: ductivity may be found by using €qs (19) and (30). The transverse com-

it

ponents of the Compton currents may be found by using Eqs (24) and (25).

3 edy
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1. Mtodel Considerations

General

While the basic relaticnship cxpressions have been developed be-
tween E, j. und o, scme additional considerations are necessary in
develooina the presented model. These include such items as the form
of the function f(t), the average energies of the qarma rays and Comp-
ton electrons, the mean free path of the qamma rays and the range of
the Compton electroas, and the collision frequency of the secondary
electrons. The validity of the small angle approximation must also be
examined. €ach of these will be discussed separately in this section.

When all of the itens discussed in this section 3-> combined with
the equations given in the previous section, one obtains a straight-
forvard ard simple calculational model for predicting EMP environments

from high altitude nuclear bursts,

Tire Dependence of Gamma Rays

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

to be of the form (Ref h)

f(t) = exp <~ 5:-- 8:) u(t)

where U(t) is a unit step function havina a value zero for negative
arguments and unity for all others, and a and 8 are constants describ-

ing the rise and fall of the pulse. Another form often used (Ref 5) Is

{a +8) exp a {t - t,)
g+aexp [(a+8)(t- el

flt) =

(47

15
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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 cannot be inteqrated ‘n closed

ime consuming

form, and thus EMP codes which use the functions involve

numerical integration schemes for calculating the Compt currents ard

the atmospheric conductivity.

A basic idea in this investigation was to select functional forms

of £(t) that could be integrated directly, thus yielding substantial

There are two constraints that the func-

savings in computation time.

The first constraint is that the

tional form of f(t) should follow.

function be integrable in closed form. A second constraint is that the

function should match reasonably well those currently in use for EMP

calculations.

Since each of the functions aiven in Eas (k&) and (47) has an

exponential rise and decay, orime consideration was given to functions

With this in mind, the field was

having these same characteristics.

narrowed down to the following normalized functions:

Gsu fexp (~at) - exp {-8t)] U(t)

f(t)aa_

fexp (8t) - 1] u(t}, t<er,

1 fe) =)
fexp (Bt} ~ 11 fexp - alt - )} ule - tp)

wvhere W is a normalization constant.

It should bte appareat at this point that the first constraint

given could not be met without the simplification made to Eqs (16),

(173, (18), and (20) by the small angle aprroximations in Eqs (21) and

(22).
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After fusther study, it was determined that €q (49) would fit the

o

functions aiven in tqs {46} and {(47) closely except for very narrow

PR

puises. Figure 2 shous the shape of a typical iona pulse, It is a nlot

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

(3

i TR T
PAL

values computed from Eq (46) with o = 1072 and 8 = 107, Figure 3 shows

5

: a plot of 2 typical narrow pulse. iIn this case, £g (43) with a = 2

(10)2% and 2 = 3 (10)8, and Eq (46) with a = 2 (10)~% and & = 2 (10)8

»

VAT SR

vere used. The values fron £q (46) are saain annotated by X marks. The

curve computed from £Eq (48) has been shifted in time away fron the ori~

gin in order for the peaks of the two functions to match., This was done

for an easier comparison. The result of this ranipulation is to offset

the times in the final calculations by the amount necessary to shift

Eq (48). In both Figs. 2 and 3, the fuactions were normalized to a

peak value of one for comparison purposes.

Equivalent comparisons using £q (49) in place of €q (48) indicated

Thus €q (48) was

that Eq (48) would give a better overall versatiiity.

chosen as the pulse shape fur tne sample calculations of this EMP model.

Encraies

Two energy values are needcd in the model, thav of the gamma rays

Karzas and Latter (Ref 2} suggest

and that of the Compton electrons.

a ) eV gamna and a i MeV Compton recoil energy. This implies ao

energy loss in the Compton creation nrocess. Chaprian (Ref 3) uses 1.5

MeV gamna rays and 1.23 HeV Compton electrons, which are the rost ener-

The values used in the AFWL

getic availaile from 1.5 MeV gamma rays.

models vary somewhat (Ref %), but the most common value appears to be

These Comoton elec-

1.5 Het gamwma rays and .75 MeV Compton electrons.

tron 2nergies are actually the kinetic enerqgy transferred to the elec-

17
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3 tron from the qa~ma ray and assume the Compton electrons are only scat-

tered forvard. The encray of .75 HeY from a 1.5 MoV gamma ray corre-

¥ sponds to the averaqe encray transfer in a Compton creation process
\ 'g (Ref 6). This Compton electron energy is given by
T= (1 - g5/cc) by (50)
f where
4 T = average recoil energy

3 og = average Compton scatterina (non-absorption) cross section

3 o = average Compton collision (total interaction) cross section

4 hv = energy of the garma ray

8 The values of og and o, are from the Klein-Nishina formulas (Ref 6).
Vlith these considerations, 1.5 MHeV garma rays are assumed while
-3 . the Compton energy is left as a variable,

A question directly related to the energies is that of gamma mean
. free path and Compton range. The mean free path is defined as the in-
verse of the total cross section. For Compton creation the total macro-
scopic cross section is the number of electrons times the absorption
microscopic cross section. The absorption cross section is the differ-
ence between the collision {total interaction) and scattering cross

- sections. Using this definition, the mean free path varies little for
gamma energies between 1 and 1.5 MeV (Ref 6) so that the value sugaes-
ted by Karzas and Latter of 300 m at standard pressure is a realistic
value and is used in the morel.

. Katz and Penfold (Ref 7) qive relationships between electron
energy and range in any material. Ffor electrons with energies less

than 2.5 MeV the velationship is
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(1.265 - 0.9954 1n Eo)]/D (s1)

x
'l

= (M2 g,

where R is the range in em, £ is the enerqgy in MeV of the electron,
and D is the density in mg/cm3 of the material of interest. For a .75
MeV electron and an air density of 1.293 mg/em3 at standard pressure,
the ranae is 2.23 n. For a | MeV electron the range is 3.18 m, which
shows an increase of almost one meter. Since the Compton recoil energy
is taken as a variable and the ranqe variation is considerable, Eq (51)
with an air density of 1.293 mg/em® is used in the riodel to compute the
range of the Compton electrons at standard pressure,

Another factor wvhich is a function of Corpton electron energy is
the velocity of the Compton clectrons., The energy used for the Compton
electron is considered to be the kinetic energy of the electron. The
total energy is the sum of the kinetic and rest energies. The relati-

vistic relation here is
E+my = moy (52)

where E is the kinetic energy in eV and my is the rest energy in eV.

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

Vo'c{:l-< - )2]35 (53)

E+ Mo

Equation (53) is also used in the model.
The energy from the prompt gamma rays is assumed to be deposited
in an absorption region from 20 Kn to 50 Km above the earth's surface.

This is based on calculations by Latter and Letevier (Ref 8).

21
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Compton Electron Lifetime

. The lifetime of a Compton electron, as previously defined, is

9

aiven by the quotient of the clectron rance R and its constant speed
Vo. The ranae at any given altituds is found by exoonentially scaling
the standard pressure value found from £q (51) and the sea level air
density. Since the high frequency aoproximation is only valid for
about 100 shakes, the lifetime should not be allowed to exceed this

length cf time.

e

Small Anale Approximation

o

One important factor for this model is the validity of the small

angle approximations leading to Eqs (24), (25). {26), and (27). This
can be somewhat arbitrary, depending on the amouant of error one is

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

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

R kit

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

The maximum geomagnetic field in the narma ray absorption region
is usually taken to be a .€ gauss (Ref 4). A minimum kinetic energy
B: of .5 HeV will be assumed for the Compton electrons, The time which
' satisfies

wr = .34 (s4)

is the maximum time duration over which the small angle approximation
is valid. '
! Equation (13) gives the expression for u. This will be a ma :imum
15 when B, is a maximum and vy is a minimun. For y to be a minimum, the
3 particle speed must be a minirum., The spced of a .5 MeV electron Is

.863c. With these factors w is 5.33 (10)%. Solving for t in Eq (54%),

22
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the result is 1 = 6.4 shakes., This is however a very worst case. In
rroest situations the electron eneray will be considerably qreater than
.5 MeV. For an electron of ,75 McY with a speed of .9142¢c, the time
limit is v = 7.9 shakes. If the geonagnetic field is .3 gauss, which
is often the case, the time limits above will be doubled.

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

interval will also increase,

Electron Collision Frequency

In previous EMP models two general approaches have been taken to
find a value for the air conductivity. The first uses Eq (30) and
assumes a constant collision frequency scaled to an exponential atmo-
sphere. This approach tends to limit the usefulness to a rather nar-
ros range of gamma yieids if accurate answers are desired. This basic
approach is the one sussested by Karzas and Latter.

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

Since the model developed here is desired to be as simple as
possible to use and understand, but still give good results over as
wide a range of gamma yields as possible, an intermediate approach Is
desirable.

When a secondary electron is created, it has an energy somewhat
higher than its ambient energy. The secondary electrons transfer this
additional energy to air molecules through both elastic and Inelastic

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

23
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as the thermalization time. Eaum (Ref 10) has ~athered data to show
that toe therralization tire for low cnergy (arvut 10 eV or less) clec-
trons at sea level is anproximately 2 nanosecond. Usinn an exponential
atmosphere model, this thermalization time corresnonds to annroximately
2 shakes at 20 Km and to over a microsecond at S0 ¥m. The thermaliza~
tion time in the 20 ¥m casec is on the samc order as the time scale of
interest {(a few shakes) for the high altitude EMP proble=. The scale
height used for the exponential atmosphere is taken as 7 ¥m. This value
is based on a curve fit of data from the U.S. Standard Atrosphere of

1962 (Re® 11). This scale neight of 7 Km is used throuohout the model.

PR R AT AN TR0 TP AT

Baum also shows the effect of an appliec electric field on the
a~bient electren energy. The secondary electron ambient energy in-
creases with increasing ficld strengths above 10 volts/m. For elec-
tric field strenaths below 10% volts/m there is little or no effect.

1f the thermalization nrocess is assumed to be a linear fuaction
of time and the lower energy linit of the secondary electrons is as-
sured te be a linear function of the electric field strencth, these
effects can ke easily incorporated into the EP rodel beina developed.
It is houever, neces.ary to determine the coefficients of the assumed
functions.

The time dependent function is based on the tternalization time
at 20 Kn. The coefficients for the electric ficld deoendent function
arc based on an empirical fit to the peak electric field values from
the AFWL CHEMP model (Ref 4). In order to get an accentable fit, it
was found that the field dependent function had to be spiit into two

linear functions. Since the electron eneray and collision frequency

are directly related (Ref 9), the linear relations descrited above may

24
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be expressed directly as electron collision frequency., The functions

described are

-2.5 (1002 ¢ + 4.5 (1n)12 (55a)

v =0.43 10)% €+ 1.6 (10)!2 £<5 (10)* (556)

6 (10)7 € + 0.8 (10)12 E> 5 (10)" (55¢)

where 1 is retarded tire in seconds and E is the electric field

strength in volts per meter,

The collision freauency at sea level is taken as the maximum of

Eos {55) and 2.£ (10)!2. in no case is the collision frequency allowed

to exceed k.4 (10)12. The collision freouency is then scaled using an

The lower limit value of 2.2 (10)12 was deter-

exponential atmosohere.

mined emsdirically while the upoer limit value of 4.4 (10)12 results

from the collision frequency being essentially independent of the elec-

tric field for extremely high fields (Ref 2).

Preionization

The problem of preionization by a orecursor turst may be handled

This is because of the

quite 2asily by the riodel developed here.

choice of the aamna yield function of €q {48) and the small anale ap-

proxirations of Eqs (21) and (22), which allews Eq (19) to be integra-

ted in closed form to get the number of secondary electrons as a func-

tion of retarded time for any altitude. The total air conductivity

for a burst with a precursor burst is comouted from the total number

The colli-

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 due to the main burst at the time of

interest.
25
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it is in the <aleulation of the number of secondary electrons from o
a precursor burst where the time confidence limit of the small angle

aporoxinations is greatly exceeded. The term of interest here is

TN S RN GRS

ot iy e

sin ot”” 54 Eq (20). Since this term and its small anale approximation
©

t°” both have maximums on the order of 1076, and recombination is a

wEdns 2R

o,

noticeable factor, on preionization time scales, any error introduced

gt b
[P $7 )

by the smal! angle approximation should be tolerable.

S A

et

Calculation Method

Caen

%

The time developnent of the EMP signal may be found by the numeri-

Y
PN

cal integration of Eqs (42) and (43) over the absorption region along

ST
s

the line 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

b>
-
3

=

3
K

the absorption region along the line of sight is called RMIN vhile the

corresponding distance to the bottom of the absorption region is called

A RMAX. The distance to the target from the burst point is r. 1t should

W o
I N

be noted that above and below the absorption region there are no cur-
rents or air conductivity so that the only cor*ribution to the electric

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

< e s ophe Yoo
B SRy

Ly SR

RMIN and RMAX as shown in Fig. ! on page 5. RHAX will equal r if the

target is in the absorption region.

& Because a numerical integration is necessary, this model is best

Griot.

run on a computer. The results given in this report were calculated K

i

through a computer code usinag the concepts and methods detailed here
applied to the thecry given previously. The computer code calculation
will be referred to as HAEMP in the next section. -

For points below the absorption reqion, where both the Compton

currents and air conductivity are zero, Eqs (842) and (43) have solu-

26
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hold, the first term in Eqs (42) and (43) may be neglected and they

reduce to

£y = - 5/ (x) (61)
Eg = - J;/o(t) (62)

the values found from Eqs (61) and (62) may then be used with Eq (53)

to find the electric field at the target.
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i V. Results
To test the validity of the HAEMP mode), the comnuted values of E
¥
this model were compared to available equivalent rodel values from the ?;
AFWL code for EMP calculations hnour as CHEMP (Ref 4). i}
The basic set of condizions used for these calculations was: F?
3 target location = around zero ‘5
- height of burst = 100 Kn
3 geomagnetic field = .3 qauss or 3 (i0)™5 wb/m?

inclination angle 0.6 degree
Compten electron recoil eneray = .75 HeV

The aamma yvield was vo ‘ed and the number of steps taken for the
numerical integration was varied according to the gamma yield, with
more steps taken for the higher yields., Other parameters varied for
exanination of pecak field values were bturst height, aecmagnetic fiela,
and pulse shape. A preionization level vas also considered.

The available data from the CHEMP (M) code, which is CHEMP run with
non-sel f-consistent calculations, was computed using a pulse of the
form of Eq (46) with a = 1072 and & = 107 and the same geometry as
aiven above. This pulse shane is alrmost identical to that of Eq (LR)
with a = 107 and 8 = 3.7 (10)8. See Fig. 2 on page 1. Using this
pulse shape, a range of gamma yields from .01 Kt to 100 Kt was used to
calculate the EMP field vatues. The peak field values are plotted in
Fig. 4. The values taken from the CHEMP(N) code are annotated by X
marks. These peah field values show a maximum difference of 5.5%

around the | Kt case, and a differance of less than 2% for all other

known cases.
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The complete pulse out to 4 shakes for the .25 Kt case is shoun in
Fiq. 5. %qain, volues from the THLMF(M) code are indicated by X marks.
There is excellent aarcement for the first two shakes after which time
the HAEMP values fall off more rapidly., This more rapid fall is most
lilely caused by two factors. The first is not considering recoabina-
tion of the secondary electrons, which vould tend to reduce the con-
ductivity and allow the ficlds to fail off more slowly. The second is
the slow breakeown of the small angle approximation in comnutina 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 ¥m, 100 K=, 200 Km, and 300 Kn. The neneral trend of
Fig. 6 indicates that the ficld strength increases as the height of
burst increases only for the larger yields. For the lover yields, the
field strength decreases as the burst height increases, Exanination
of the hypothetical curves in Fig. € inplies that the maximam EMP sig-
nal generated by any given yield depends on the height of burst. For
example, using the curves in Fig. 6, it could be concluded that the
maximum EMP from a 1 Kt gamma yield would occur for a height of burs
somewhere between 60 Km and 200 ¥ and for a .1 Kt aamma yield, the
burst height would be less than 109 ¥m,

A test was also run to determine the effect of a narrower qamma
output pulse. A pulse used by the AFWL in the CHEMP code for this
purpose is of the form of Eq (46) with a = L (10)78 and 8 = 2{10)8.

An essentially identica! pulse can bz achieved with Eq (48) using

a=2 (10) and 8 = 3 (10)8. Sce Fig. 3 on page 19. A plot of peak

fields vs yield is shown in Fig. 7 for both the narrow prise and the

3t
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of the hypothetical curves in Fig. € inplies that the maximam EMP sig-
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example, using the curves in Fig. 6, it could be concluded that the
maximum EMP from a 1 Kt gamma yield would occur for a height of burs
somewhere between 60 Km and 200 ¥ and for a .1 Kt aamma yield, the
burst height would be less than 109 ¥m,

A test was also run to determine the effect of a narrower qamma
output pulse. A pulse used by the AFWL in the CHEMP code for this
purpose is of the form of Eq (46) with a = L (10)78 and 8 = 2{10)8.

An essentially identica! pulse can bz achieved with Eq (48) using

a=2 (10) and 8 = 3 (10)8. Sce Fig. 3 on page 19. A plot of peak

fields vs yield is shown in Fig. 7 for both the narrow prise and the
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original long pulse. This data points to a saturated peak field
strenath of 4.92 (10)* velts/m for the 180 ¥n Lurst case in a .3 qauss
aeeragnetic ficld. The narrow pulse curve shows that the peak fields
are higher for all yields. The data from Fia. 6 however shows that
the saturated field value precicted in Fia. 7 does not hold for all
burst heights.

Another factor which should have 5 noticeshlc effect on the ENP
aenerated is the presence of a precurtor burst. For this test a .03
Kt gamma yield burst was assuimed to have been deionated 10 usec srior
to the main burst. The pulse shape used to describe the qamma output
is the initial long pulse and }s used for both bursts. The peak field
results are plotted in Fia, 8. The results of this test were qu.te
dramatic. This data shows that the peaw field of 1.6 (10)}* volts/m
from the .03 Kt precursor burst is not equaled until the main burst has
2 yield of nearlv | Kt. [a gencral, the ncak fField values with this
level of oreionization are the same 2s if the veapon vield was one
tenth of its actual yield, As the yleld of the main burst aoces up, the
field reduction Lecomes less. At a yield of .! ¥t the field is reduced
by over 2 facter of 4, At .25 Kt the facter drops to 3 and to 2 for
the 1 Kt case. Uhen the yiald finally reaches 100 Kt, the reduction
factor has drecoped to 1.1,

The resuits with preionization compare favorably with available
results from the AFWL (Ref 4). However, since a stightly different
geometry and some additional source modeling were used, 2 direct com-
parison cannot be made.

A last major factor to consider for this model is the geomagnetic

field strength. The peak field values as a functlon of yleld are
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plotted in Fig. 9 for the .3 aauss anda the .6 gauss acomaanctic fields.
The laraer geomaznetic field resulted in aporoximately a times 2 in-
crease in the field streagths for all vields considered.

One remaining rcsult should be mentioned. This concerns the time
of the peak field value. Since for these calculations the fields were
computed in steps of .1 shake, the peat field time will be accurate
only to this linit. The peak for the .25 Kt case shoun in Fig. 5 oc-
curs at 1.7 shakes for the HAEMP rmodel and at an estimated 1.3 shakes
for the CHEMP(N) code. As the yield gqoes 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 yields and altitudes
considered, the pesk aluays occurred within & shakes, with the majority
falling between 1 and 2 shakes.

Since the model prescnted is sunposed to be a quick corputational
tool, some estimates on the calculation times that can be excected are
appropriate. The times given here are the average times used in com-
puting the results given otove and are based on a computer code run on
a CDC 6600 computer. The average computation time was 1.5 sec for a
5 shake calculation of the electric field development conputed every
.1 shake using 50 steps in the numerical intesration. Increasing
cither the parameter of 50 steps or 5 shakes by any factor Increased
the computation time by the same factor. The presence of a precursor
burst had no noticeable effect on computation time. Vhen the approxi-
mations of Eqs (61) and (62) were valid, the time dropped tc less than
.2 sec for a 5 shake calculation,

An intercsting observation related to the numerical integration is

that as Eqs (61) and (62) become valid, the numerical integration could
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V. Conclusions and Recommendations

A AR R K

This report has presented a coleulational model for the hioh al-

; titude ENP.  This model falls between the very simnle and nighly sophis-

. ticated models currently available. The model is easy to understand
but aliows the variation of the major theoretical paramcters. The model

S is also simple enough to use so that a preionization fevel car be in-

corporated with a very minimum of effort. The results qgiven by this

model are in excellent agreement with the available data from the very

3 scphisticated models usina the sate georetry. The computation time is

on the order of a few seconds.

Uses
There are two primary uses seen for this model. The first is for
sensitivity determinations for a given parameter, such as precursor
: . yicld in preionization studies, heiabt of burst for a fixed yield, or
( changes in the magnitude and inclination of the ceomaanetic field.
Calculations using the HAENP mcdel can help to evaluate the relative
inportance of the many 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 a classroom model. The basic physics of the
3 high altitude problem is present in an easy to use forn vhich demon-
Y strates how the currents, conductivity, and electric field interact
. with each other. Because the caic:l-tions required to get an answer are
mininal and straightforward, the physical processes are not lest in the
search for a result, as can happen all too easily with highly sophis-

ticated models. Since the results are in relatively good agrecment with
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the sophisticated models, the student can leave the classroom with a

aood concept of the overall probiem,

Limitations

The model does have its limitations, however. These are due to the
various assumptions and approximations used to arrive at the final
calculational model. These assumptions and approximations should 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 smali angle approximations and the
assumption of a flat earth. For the small angle case the error is
nealigible at very carly times but increases as the time increases.

In the flat earth assumotion, any error is relatively constant for a
particular georetry, but changes when the geonctry changes. This error
increases as the qround image of the target moves on the earth's sur-
face away frem the ground zero ooint. The other assumptions also add
some error to the results, but if the effects of these assumptions are
renenbered, the HAEMP model can te helpful for the solutions of a wide

range of EMP problems.

Recomnendations

There are several areas of investigation which micht lead to improve-
rents in the HAENP model. One of the more important oossible investi-
qations is to determine if the electron transport equations used in the
AFYIL CHEMP model to describe the secondary electrons can be greatly
simplified and used in the HAEMP model. Another area is the possibility
of allowing recombination and cascading of secondary electrons. The

use of seif-consistent electromagnetic fields is also a possible source

i
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of improvement, This change however would have to be examinecd very

closcly to determine 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 somz Compton electrons for Compton current production

while stil} allowing all Compton electrons to produce secondary elec-

trons.

Each possible change to the HAEMP model should be examined with
consideration to the tradecffs between more complete solutions and the

continued ease cf use and understanding of the model.
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HAENP Model Sunrary

The user of the HAZINP model aust first setermine the foliowing

parameters in NKS units:

the gawma yield Y of the weapon in MeV.

the heiaht of burst (108} of the weapon.

the magnitude 8, and angle of inclination of the
geomagnetic field in the absorotion recion.

the target location in spherical coordinates with the
origin at the burst point and with tie polar axis
parallel to the acomagnetic field lines.

the kinetic energy E. of the Comotor. clectrons in MeV.

the parancters defining the gamma ocutput pulse shape.

the atrmospheric scale height $ to be used.
From these parameters, the values for the anale A and the two dis~

tances ®MIN and RMAX used for integration over the absorption reaion

can be found from geometry, The anale from the vertical to the line of

sight froa the burst point to the target is the annle A, as shown in

Fig. ! on pane 5. The value of RHIN is the radial distance from the

ourst point to the top of the absorption layer (S0 kn atove the earth's

surface) along the line of sight to the target. The value of PMAX is

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

¥m above the carth's surface). See Fig. ! on saae S.

The electric field development from times O to t in steps of A1 in

the rciarded time frame is found by the numerical integration of

[

213 . a
.E.;..-.(,Ee)+u°.)e+uoc(r) Ey = 0 (42)

or

4s
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c
210 (rg) 4 v, 0
) :

ey ptucoli) =0 3)

over r from RAIN to RMAX for cach time incre~ent. The initial condi-
tions on these equations are that €y ard Eﬂ are zero 2t 1t = 0. The
nuber of steps taken over the intearation interval will depend on the
yicld of the weaoon and the accuracy desired. No less than 50 steps
should He used or more than 590 steps necessary for aamma yields up
to 100 Kt.

The solutions to Eqs (42) and (43) will give the electric field

components at r = RMAX. The total field strenath is aiven by

5
E=[(gg)% + (£4)%)

and the field strength at the target is given by

A
E(taroet) = E:'”“X—E" (58)
target

The peax electric field value over the time interval 0 to 1 Is the
maximum volue found using Eq (58).

in the special case uhere the conditions

2199 + . C
o7 b7 rgg g << ug idg gl

I
% - iiF (rEg @)l << g olr) Eg g

hold, the electric field components are aiven by
Eg = - Jgfs(r)

Eg = - J;/G(T)
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fhe values from tas (61) and (62) may then be used with €gs (52)

and (53) to find the electric field at the taract.

In order to integrate tqs (42) and (43) or to compute Eqs (61)
3 and (62), the terms J§, J§. and o(1) are needed as functiors of time 1

and distance r. These are given by

R/Vg

4 2
] Jg = ea(r) V, sin 6 cos © %— 2 £(T) dt” (24)
3 o
s . RV,
k. Jg = - eglr) Vg, sin 6 w f t” £() dt* (25)
; °
: () = S (0) (30)
El S eendl (74 6 4 0
ot e s 3
where
! Y 1 I3 S » HOB - ,r cos A
3 alr) = &— —— oxp | - e exp - [ —— N\ [exte [ =" - 1)
: B hme? a(r) L Xg cos A Jslee TS,
(3)
£(1) = 2 lexp (-aT) - exo (-b1)] V(D) (18)
qV T R/V
n (1) = a9 | {f ©£(1°) dx*°) dv” (19)
R -0 O
i Tar- (1-8) 1° (26)
T =1 - (1-8) 7 (z7)
4' Vo
E with g = .2 ard g = E./33 eV
The Compton electron cyclotron frequenty w is oiven by
w= 2l (13)

my
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The Connton electron velocity Y, is aiven by

Vme - (—To_~N27¥ (53)
ot ()]

The Comoton electron ranae at sea level is given by

R = [412 EC(I.ZGS - 1.095h 1n E¢) 1/0 (s1)

vhere D = 1.293 ma/cmd. This ranje is then converted to meters and
scaled to the appropriate value for the point r by multiplying the com-
puted value by

exp [ (408 - r cos A)/S) (64)

Then the Comnton lifetime R/V, is oiven by the quotient of the correc~
tec R and Vg, but is never allowed to exceed one usec.

7he value of A(r) is given by the product of Ry (300 m) and Eq
(63).

The collision frequency ve at sea level is given by the maximum

of
ve = =2.5 (10)2% « + 4.5 (19)12 (55a)
ve = 0.43 (108 €+ 1.6 (10012 € <5 (10)* (55b)
ve = 6 (10)7 E + 0.8 (10)12 £>5 (10)% (55¢)

or 2.8 (10)}2 where t is the retarded time in sezonds and € |s the elec-
tric field strength in volts per meter. The collision freguency is not
allowed to be greater than 4.4 (10)22, The value of the collision fre-

quency is recomputed after each time step in the develooment of the
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clectric field. The sea level value is also scaled for altitude by E
dividing by Eq (54).
The inteqrals in €qs (24), (25), and (12) can be evaluated in
closed form. The step function U(T) in Eq (48) results in tuo expres-
sions for each of the intearals. The first set of exnressions i¢
. used when 1 = (1 - 2) (R/V,) < O and the second when 1 - (1 ~ 3} (R/V,)

> 0,

When T - {1 - 8)(R/Vy) <9, Eqs (24), (25), and (30) become

w2 1 1

JE(1) = ealr) V, sin & cos @ —— ——————
] ° 2 b-aq(.g)3

{[{az)? - 231 + 2 -~ 2 exo {-at)] b
a? (65)

< [(br)” - 2b1 + 2 - 2 exp (-br)] 22}
b2

| !

J;(T) = - eq(r) Vo sin & @ E—:—a—m

{lat = 1+ exp (-a0)] 2= [br - 1+ exp (b)) 2
66)
2
Ve 1 1
ol = T-ol) SR E TR T A
flar = 1+ exp (-a0)] 2= [br - 1 + exp (-b0)] 2 67)

When 1 - (1 - 8)(R/V,) > 0, Eas (24), {25), and (30) become

k9
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?
L 1 ]
Jc(x) 3 enlr) V, sin € cos f - jrm=—= smee——

¢ ¢ Zba g3

{exp (a1} fexp (aL) [(oL)2 - 2aL + 2] - 2] 'E;

(€3)
' - exp bm)[up(m)[wuz-sz+2]ﬁp
J;(T) = - eq(r) Vg sin 8 w g-—l—aTl—J:-e-)?
{exp (-at) fexp {aL) [aL - 1] + 1] g'
(69)
- exp (-b1) [exp (bL) I6L =~ 1] + 1) %}
el ‘_YQ. 1 1
o(z) = -=alr) v R P e
. {g— {aL =~ 1 + exp (-aL) - {exp (aL) - Vi[exp (-at) - exp (-aL)l]
- [E bL =~ 1 + exp {-bL) - {exn (bL) = 1}{exp (-bt)
- exo (-bL)}1} (70)

where L = (1 - 8} (RNV,).
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