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SECTION I \ j
INTRODUCTION o
e fif SCX is a two dlmen51onal ground burst EMP (electromagnetlc
pulse) computer code. The general numerlcal methods used in the

)

Briefly, the - code obtains the solutlon to Maxwell's equations 1n

code are documented( elsewhere and w1ll not be . dlscussed here
“the source region of a surface nuclear burst ‘Because the . solu- -
“tlon is obtained in the source’ region, several nonllnearltles_5¥r
are inherent to the problem. First, the conductivity of the’ - ,
medium depends strongly on the total electric field. . The effect -
_has.alwaYs'been modeled in. the code. Second, the source terms
are.themselues‘influenced hy the fields. This effect is generally
-referred to as'”Self—COnsistency" and untll recently was not in-.
‘cluded in the SCX code. This paper reviews the methods used to
model self-consistency in SCX, 'and presents comparatlve results 5
of calculatlons before and after the effect was 1ncluded in SCX

An exact representatlon of self- cons1stency requlres the -
solutlon to the equatlons of motion for the Compton. electrons
Clearly, for an EMP computer code with two space d1mensrons
plus time, this is 1mpract1cal. The amount of storage requ1red
'is. not available, and-the running time would render the code
economlcally useless. Fortunately, methods have been dev1sed
which allow for the lnclu31on of the self- cons1stent effect in

()

gof storage and cause only sllght 1ncreases in runnlng ‘time.

~an appr0x1mate fashlon 'These methods requlre a. mlnlmal amount

The sources of the EMP are the Compton rec01l electrons
" created through the dev1ce radlatlon interactions with’ the at—
"mosphere In SCX these sources are descrlbed ‘as current den—.
‘51t1es 1n the radlal and transverse dlrectlons The current
dens1t1es Were obtalned from.Monte Carlo transport calculat1on
The B

's‘whrch were then‘c *e f1t for use in the code




électromagnetic_fiéldSQ .To include the self-consistent effeét;

sqmeTmo&ifiéation must be made to the source terms within the

. SCX”che. 'This 1eads to several necessary approximatioﬁs,'the;' _ R
PR impact of which will be digcussed below. ' - L - -
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’ R . SECTION- o T

A DESCRIPTION OF THE SELF CONSISTENCY MODEL

. The self- con51stency model used 1s derived from EMP Theo—
f#ur_; ' retical Note 77, Volume 2-4, by H. T, Longley (2) The note

: - idescrlbes a way: of modlfylng a purely radial, analytlc current
source to obtain self- consistent radlal and transverse currents
The method “is based on electron turnlng in the presence of '

electromagnetlc fields.

To determine the amount of turning, a group of electrons is
followed in various time constant electromagnetic environmentSJ , m':f
These electrons are recoils created by Compton scattered, mcnoé .
zenergetic gamma rays and are chosen to represent a physicaily rea-
listic distribution of Ccﬁpton recoil angles and energies. The
equatdions  of motion for the electrons are differenced and solved
numericdlly., The computation proceedsrin time until an electron's'

. kinetic energytis-within 1% of its rest mass energy.‘-In'STP air,
. , 1i MeV electron has a range of .49 g/em”. An electron with a ki-
. : .netlc energy equal to 10% of its rest mass energy, has a range
of .0049 g/cmz; So a 1 MeV electron slowed to 1% of its rest
Vmass energy is ea31ly within 1% of 1ts final range. At this
point, the electron's final radial and.transverse positions are
recorded. An average is taken of the final positions for the
‘grcup of electrons and these averages are used to obtain self-
consistent-currents. 'The validity of this method_depends on the
lifetimes of the electrons and the time steps used in the SCX
calculation This matter will berdiscuSSed 1ater

To obta1n the self consistent radial current the orlglnal
radlal analytlc current is multlplled by DX/R f ‘where DX is
vthe average electron final radlal position and R of is the mean.
forward range of the electron in the absence of flelds ' The
:Vg,gﬁ } ;‘fﬁ”self con51stent transverse current is obtalned by multlplylng
PR ‘.'_! "orlglnal radlal ‘current by DY/R £+ where. DY is the average.v -
‘.;electron flnal transverse p051t10n‘ In the earth's magnetic
}fl ld% the Larmor radlus of a 1 MeV: electron is about 100 times




; 1ts range. Slnce typlcal EMP flelds produce much greater effects

such ‘as rever31ng the transverse current obtalned from Monte Carlo

transport calculatlons the geomagnetlc fleld will be neglected

, “Two 1tems are 1mportant in thlS method ' The flrst is the 3 '1f - ;ﬂ:;
1n1t1al klnetlc energy, Ee, of an electron to be tracked. This o '
energy depends on the imitial gamma energy, EYO,vand the scatter-'

y ing angle and is obtained d1rect1y from the Klein- lehlna equatlon.

' The second item of 1mportance is the calculation of R nf R f is —'

- «the mean forward range obtained by

_ | /2 _
o 1 o _
SR Rug = o [ Rocos 8,0.d, | ¢S]
8=0 ' '
e
’ ﬂ/2_ :
5, =ef_ IR )

‘Fﬁd*&e is the angular differential cross-section obtained from the

Kleln N1sh1na formula dQ is the solid angle assoc1ated with the
scatterlng angle 0o of the recoil electron ee is the angle between
the initial dlrectlon of propagatlon of the gamma and the dlrectlon
of the electron's recoil. R is the range obtalned from a fit to~ ex-
perimental mean range versus energy data. The _energy used to obtaln

R is E Whlch 1s a functlon of E and 6

N

Our method of obtalnlng self con31stent currents is d1fferent

in several respects from the method descrlbed in EMP Theoretical
.Note-??. " Where Longley s method used only an analytic, radial
current source; the current sources used in SCX have both radlal and
.transverse components The general method descrlbed 1n Note 77 is
»desrgned for use with an analytlc current source. - The source terms
in SCX are however, not analytic, havrng been obtalned through curve
fltS to the results of gamma’ and neutron Monte Carlo transport calcu--

latrons.' The source terms serve as 1nputs to SCX and are expressed




l;5as total currents 1n the radlal and ‘transverse dlrectlons ‘
’f5order to adapt the general method to our purposes,. tables 51m11ar° '
to. Longley s were generated . However, our tables are for electrons

- ﬂdlrectlon and are not averages of - electrons rec0111ng at dlfferent

~

urec0111ng in the same dlrectlon as the 1n1tlal gamma propagatlon

6 . This was done because the transport calculat1ons Whlch pro-:

e :
vide the current sources for SCX already include angular scatter

effects and the electron energy spectrum is already folded in.

.

. In applylng DX/R and DY/R factors to the. SCX transport derlved '

currents, first a total initial current is calculated from the ini-

- tial transport derived radial and transverse currents. This total

current is then treated'id-the_same manner that the analytic ra-
dial ‘current source is treated in Longley's method. To accomplish
this, the angle between the positive radial axis and the'total ini-
tial current is used to transform the radial and transverse electric
f1elds to a new primed coordinate system where the total 1n1t1al
current is parallel to the primed positive radial axis (i.e., a
transformatlon to a coordinate system in which the transverse current
is zero) The DX/R and DY/R factors are. applied to the total 1n1-
tlal current and the resultlng primed self- con31stent radial and.
transverse currents are transformed back to the or1g1nal coordlnate
system to obtain the final self-consistent currents.

In addition to following 51ngle electrons rather than proba—
bilistically representatlve groups our method differs from Longley's

. in two respects.’ First, rather than using the initial electron _

k1net1c energy. calculated directly from the Klein- lehlna equatlon
a mean 1n1t1a1 electron energy -is used Thls energy is calculated by:

\7.

e dge"

E *; and is
Yo



Secondly, the range we use is dlfferent from Rmf; the mean
forward range used by Longley . We use -a range R , which lS
the- electron range calculated by the electron tracklng sub-—-
r_routlne with all fields set to zero. This range differs from
* the rahgerbtained by using Eé and the R in Eqn. (1) only be-
cause of roundoff error. '

In Longiey s scheme, tables of DX and DY were generated for
various fleld values and gamma energies. These tables were
_then fit by analytlc functions and the functions used to intro-
duce self-consistency into the LEMP code. In our case, tables
of DX/R, and DY/R, are generated and used directly by SCX,

' along w1th some 1nterpolat10n coding, to obtain self-consistency.
The 1nterpolat10n scheme is simple-minded and chosen to supply

'?, smooth sources to SCX.

o “The 1nterpolat10n is basically as follows. The three field
-values calculated by SCX are the radial electric field (E. );
the transverse electric field (E ) and the phi magnetic fleld
(B ). These fields can be thought of as the three coordinates
of a field space. For the DX/RC_tables each entry in the table
represents a point in the_freld,space. ‘Similarly for DY/RC.
For ‘a given set of field values calculated by SCX, the inter-
polation coding determines what eight points, the vertices of
‘a rectangular solid, corresponding to given-DX/R or DY/R
surround the’ point P whose coordinates are given by the three
fleld values. ThlS rectangular solid can be broken up into
»eight:subasolids by passing three planes through the fields
.value point. 'The planes are parallelAto the six faces of the
original solid and generate one sub-solid for each vertex of
the orlglnal solid. The interpolation scheme welghts the DX/R
or DY/RC value at a particular vertex by a volume-obtained by

. subtractlng the volume of the sub-solid of ‘that vertex from

7-;the volume of the original solid. This weighting is done for
:’elght p01nts, summed and divided by the total volume of
rl'lnil SOlld The scheme is smooth and has the advantage
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:that 1f the flelds values fall exactly on a p01nt in the tables
_the prec1se values of DX/R and DY/R from the tables are ob-

like
'plelscatter;ng and radiation. ' If 3 and/or B are large enough

a range of field values which generate DX/R and DY/R tables
'that exclude run-away electrons. Therefore the 1nterpolat10n
'codlng holds fleld values to the limits used in generating, the

talned

-The equation of motion used infthe electron tracker sub-

routine is:

\

= —|e| E+vx ﬁl A B _ : L
|Pl . | FL S

where § is the electron's momentum, e the'electron's charge,
v the electron s velocity, E the eléctrical intensity of the
envrronment B ‘the magnetic 1nten31ty, and A is a slow1ng term
gE whlch 1ncludes energy losses due to ionization, multi-

their contributions will overcome.the energy loss term A and

" the electfons will never come to rest. These are termed run-

aWay electrons. The self-consistency model used here includes

tables

In estlmatlng the effect of self- consrstency on the con-
duct1v1ty we have: to consider the effects of the electric flelds
on an electron's klﬁetlc energy, 31nce the kinetic energy de-

termlnes the amount of ionization. If an electron has an_ 1n1-

“tial veloc1ty in a given dlrectlon an electric ‘field parallel

to the veloc1ty vector will increase or decrease the electron s

klnetlc energy depending on the- srgn of the field.

Generally, the: dlrectlon of the radial electric field 1s
p051t1ve, away from the burst scurce pornt Slmllarly for,
the Compton. recorl electrons. Therefore the radial electrlc

3f1eld tends: to reduce the recoil electron energy and thereby e " ld‘.

reduce the lonlzatlon due to electrons._ Inltlallv the theta
electron veloc1ty in the transformed system is zero so that the

'.theta electrlc f1e1d w1ll 1ncrease ‘the electron s theta momentum




dregardless'offthe field's slgn ‘These approx1mate arguments lead

. where

to the folloW1ng correctlon factor, fq to the 1onlzat10n rate

o : . Te

Hy »
I

W= | le| 1|EGDY| - E_DX
‘and |le| is the absolute value of the electron s charge Wis an
.estimate of the work done by the fields on.the electron and there—

fore changes the energy avallable for ionization.

‘The applicability of this self conslstent scheme is question-
able When the time steps used by flelds code differencing are -com-
parable or less than the lifetimes of the electrons. In real time,
for gammas of 1.5 MeV, electron lifetimes are on the order of 10~ -8
second In retarded time, due to turning, this tlme may be much
larger 51nce there is a component of the electron velocity which is
parallel to the gamma wave front. -

In a typlcal SCX run, the time steps during the prompt gamma
peak are 10 -9 second After the peak, time steps are 10 s second
Cand larger. By examlnlng electron trajectories for typical SCX

env1ronments 1t is apparent that the electrons frequently turn back
and complete loops But it is still l1kely that the final p051t10n _
,of an electron is’ in the same general direction from ‘the electron s
orlglnal p051t10n as the p031t10n of an electron at the end of a
'tlme step shorter than the electron's 11fet1me Since the electron

-is slow1ngAdown we expect that the electrlc flelds , at least W111
have'more

'ffect on the electron's p031tlon near the end of. 1ts life
—he beglnnlng where 1t has large klnetlc energy. In the '
, the. self con31stent effect is probably
dur ng‘the prompt gamma peak ,"'



~

" An approx1mate correctlon in: such 31tuat10ns might be to
scale the tuming by a factor t /t ed? there tg is the_tlme step’

- and tag is the electron 11fet1me A better factor would be
_ 2 B L L

ViWthh more heav11y welghts time steps close to t o 'The'f fac—
tor is plau51ble because the non- -relativistic equatlon for a

displacement s due to a constant force on a mass m is

";~i'. S o = %ﬁ 1-:2

The f factor would scale the angle that the p051t10n vector of _
3:the electron s final position makes with the 1n1t1a1 gamma propa-
Qgethn dlrectlon. ~To accompllsh this, take the orlglnal DX/R
"eﬁa?ﬁYYRcQ' Compute '

o = {[DY/RC']./' [DX/B-C] i = tan 6
m _ ;[bg/chz + .[DY/R'C']\Z} %
l/ §'= arctan {a . ft}‘

[DX/RC]; =m cos (B)
LA . |

o ) . [DY/RC]l = m sin'(B)

_-andiuse"[DX/Rc]' and [DY}RC]' as before.
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SECTION TTT | ,
THE EFFECT OF SELF CONSISTENCY ON THE. CURRENTS
To 1nterpret the plots overlaylng self con31stent and non—r
self-consistent time histories of SCX runs, it is useful to first

descrlbe the 1nd1v1dua1 effects of the~f1e1ds on-a 31ng1e electron,'

“ --(—_
For an electrlc field E the force on a charge q is F = E q.

An electron in a positive E field experiences a force in. the -r

dlrectlon which contrlbutes to a- p031t1ve radial conventlonal

current. Since the Compton recoil electrons are streaming radlally
_ outward, constltutlng a negative conventional current, the iso=

__-1ated effect of a positive E field is to reduce the magnltude

ffiof the negatlve radial current -J. 'The same ‘type of argument
:1nd1cates the effect of E, on the theta current.

SCX calculates a B, which is negative. Since IJrl is usually '
“f_greater than - |Je| we first consider the effect of a magnetic
“’;_~f1eld on a purely radial current.

A An electron with a veloc1ty v in the +r dlrectlon will experl—
.ence ‘a magnetic force F = q(v X b) For B¢-negat1ve F will be in
the -e dlrectlon and so contrlbute to a p031t1ve theta conventlonal
current

Occasicnally; J,. and-J, are the same order of magnltude In
the extreme case where the conventlonal ‘current is purely in the_-e
~ direction, the magnetic field Wlll contrlbute to a. negatlve radlal

‘conventlonal current.

- In determining whether it is an electrlc fleld or the magnetic

field whlch domlnates ‘the electron turning, it is useful to be able
to make rough comparlsons between the effects of the electrlc and

—

: magnetlc f1e1ds

For an electron of 1n1t1al energy E 1n1tlal speed vo “and
_absolute charge e, we define F to be the maximum magnetic force -
‘flon the electron and F, to be the maximum slowing force on the

12




”iffunctlons of the electron veloclty, (except for F when the elec—,ﬁ

'lelectron Slnce these two. forces~are monotonlcally 1ncre351ng

':tron energy is below 0.5 MeV) the: max1ma occur at’ the electron s'};f
max1mum speed ie., v,. For an 1nc1dent gamma of 1.5 MeV, E, is
75 MeV ‘and v \1s 2 75 x 108 m/sec. Fmand_FS can then -be com—"'

_pared as follows :

o .8
Fm/e —_B¢.- 2.75 x l0
. AW e g :
Fs/e = —3 © = 3.49 x 10° *

The slowing term A(v ) is obtalned from-a fit to experimental
data of electron energy as a function of electron mean range. . This

'flt is dlfferentlated w1th respect to range to obtain %%

‘With the use of Fo and F, we can predlct the comblnatlon of-
effects of the various flelds on the currents. o

The radlal current overlays in Figs. 3 and 12 show that for
-ranges of 500m and 1000m’ the self-consistent model reduces the mag—‘ '
nitude of the radial current untll past a microsecond. This is -
especially notlceable at the: tlme of the prompt gamma peak and alsov
past 10- shakes where the reductlon in J increases markedly w1th |
time untll near a microsecond. The 2000m radial currents overlay
exactly, which prompts us to consider the close-in ranges and the"
2000m range separately : Ev1dently, at 2000m for this yield, the
flelds are- reduced enough to. show only small self- CODSlStent effects

'prlmarlly in. Jg and Eg

Asgmentloned earller the effect of a p051t1ve E f1eld is- to

reduce .the magnltude of a negatlve J. For the: two close =in ranges,rx

.‘Er'ls pos1t1ve throughout the calculatlon Also, a negative B¢ Wlll f
only 1ncrease the magnltude of negatlve J. when Iy is negative and-

: A|JB|~|Jr‘ In the self-consistent case, we see that |J¢r|/1Je| is

'fclose to- unlty at 12 usec At this point, in. Flg 3, the self-

» y5=con31stent J is increased as expected. By comparing the

13
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-~

non self con51stent Je and J 1t is seen that separatlon between

the self-con31stent J. ~and non self con51stent J contlnues to L

1'['). creas e,

The more pronounced J reduction at the time of the“prompt gamma
peak is. due to the comblned peaking of E “and B¢' After the prompt'

© gamma pulse, whereas E. is saturated and remains reasonably constant

out to neutron arrlval at around 10 mlcroseconds, B, steadily increases
ln magnltude and thus increases the separatien of the I, overlays

It is 1nterest1ng to note that at 500m the self- consrstent By starts.
levellng off at around 2 usec and then starts to decrease at about

5 usec; The separatlon in the J. overlays follows this behavior

ntll the non-self consistent I becomes larger than the non-self-
consrstent J r ‘Similar. behavror is shown at lOOOm

| At 2000m there is. no v151ble effect of the self—cons1stent

- model on “the radlal current This is plausrble on the basis of

rough~f1e1d comparisons. The maximum value of. E. at this range

Ali is 5 X 107, - The maximum absolute value of B¢ 1s 3 x 107

In thls case F /e is ~ 8 x 104 Since F /e 1s-3 4 lO5 it“seems
reasonable that the self- conSLStent effect on J due to E will:
be negllglble,Aand the effect due to B¢ will be small, Partlcularly
since at this range, |J |>>|Je| and nearly all the kinetic energy
of - the ‘electron is in the radial dlrectlon '

'

The self consistent theta currents for the two close-in ranges
show three 1nterest1ng features. First, while the non- self consistent
theta currents are always negative, the self- con51stent theta. currents
are nearly always positive. Second, the self- con51stent theta currents
follow the prompt gamma pulse in a much more obv1ous fashlon than the

 _non- self consistent theta currents. Third, after the prompt gamma .

pulse,'the'self-consistent theta currents dip and then exhibit a

;gentle bump, and finally"change sign after'lO microseconds.

The self-consistent theta currents are nearly always pOSltlve
because B nearly always predOmlnates over Eg and the non-self-

¢

\ cons;stent,J 1s nearly always greater than the non-self- con51stent

14




;'Jegt There is a very short span of t1me at very early tlmes where : _ s
- Eg predomlnates If values’ of E and F, /e are compared at 3 shakes' B
in the usual manper the Ey domlnance can be shown. In this tiny . R
region of Eg4 domlnance, the self-consistent theta currents are |
negative 'This situation is shown in Flgs 5 and 14.

- That the theta currents are almost entlrely determined by B

"1s further demonstrated by the jagged time behavior of E, and con- .
| sequent smearlng of the prompt gamma pulse.’ In contrast the theta ,
_eurrents are -smooth and follow the gamma pulse quite well because

close-in the shape of the gamma pulse is preserved in B

-
,Flnally, the dip and gentle bump behavior is exhibited in B¢
but, due to the obvious non-linear relationship of electron turning
to the magnitude of B¢ , the similarity of shape between the self-
Consistent J, and B¢:is not'compeiling, especially as the waveforms -
approach 10 usec where the non-self-consistent Jg becomes comparable
'to or greater than the non-self-consistent J Beyond 10 usec J
”crosses over due to the fact that the non-self-consrstent Je becomes
comparable to or greater than (at 500m) the non-self- cons1stent J

. In this region the effect of B¢ is to increase - Jr,_as explalned

" above, and so Ee dominates J behavior. Ee starts its dominance
before 10 psec. The.effect is to reverse Jg- At 12 usec and 500m
(Fig. 9) and 22 usec and 1000m (Fig. 18) E crosses over and becomes
positive This causes the self- con51stent J to hump. over as 1t '
heads for another cross-over.

At 2000m, rough field comparlson shows that E should dictate T
I behav10r First, a vestige of the gamma pulse is seen in J A

AThe shape of the gamma pulse is preserved in Ee but not 'in B¢

Second J is’ uniformly negatlve as 1is E ‘past the start of the gamma

"pulse Later in time B¢ rises faster than Ey and at its peak there 1sA1

1va correspondlng d1p in JB because,- as shown earller a negatlve B¢,

fact ng'on a negatlve J contrlbutes to a posrtlve J;
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o SECTION w .
THE EFFECT OF SELF- CONSISTENCY oN THE FIELDS

A few WOrdsrshould be said regarding the oécasional ragged-
ness of some of the fields. By examlnlng range plots of E

| e

»
it is clear that choos1ng the inner boundary condltlon E 0
is inappropriate. ' r1g1nally this condition was chosen Wlth

'the assumption that the inner boundary is a perfect conductor.

- ThlS assumptlon is certalnly 1ncon31stent Wlth the use. of non-
zero theta ‘currents at the inner boundary. Range plots of E
at early tlmes show a drastic dlscontlnulty between the 1nner

a.boundary and the first point out in range In fact, E is

nﬂ\plncrea31ng 1n an exponentlal fashlon toward the inmer boundary
hrather than decrea31ng to zero. ~ After a few tlme steps ‘this

.discontinuity develops into oscillations of E in range. ‘In
}'pturn these osc111at10ns affect Jg whlch feeds back into E, |
WI“TO mlnlmlze these oscillations, a range current .smoother has

ibeen installed ¥U,SCX' This stopgap measure is helpful but

not oonpletelyAeffective'as can be seen in the time plots of Ee
:near'the prompt gamma pulse
- In addltlon the calculation of the conduct1v1ty involves
using a. f1e1d dependent electron mobility which is clearly |
 affected by the erratic behav1or of Eg The conductivity's
_ sllghtly ragged behav1or is fed back lnto E_ and into. B¢
ijhls problem should be cleared up, if- not e11m1nated by a

more phy51ca11y reallstlc choice of" 1nner boundary condltlon
. for Ee, p0851b1y somethlng assnmple mlnded as: '
By = -Jg/0

5f'f'_h" ,F, The three equatlons of 1mportance in SCX are, in retarded

<it1me, it 8 = 90° (on the‘ground)
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The usual arguments used to predict the time behav1or of E
'from 1) are as follows. With the magnetic term negllglble,'”t
very early tlmes J. © and'Er are very small and so o E_ is:

negllglble relatlve to J.. Hence, - the E,. behavior is'prediCted
to be f J_drt. '
. s ‘Aft'e'r ‘a time oE becomes comparable to -J_ PhYS'ica'llyv. this

is descrlbed as occurrlng when the Compton current is_cancelled by
therconductlon current. ~When this condition occurs %?; 1s<negll—;A
glble assuming the '‘effects of the airground asymmetry have not

yet allowed B¢ to dlfggse into the~region_of7%%§erest If d and

:;c rlse 1n1t1ally as e Ei saturates i.e. 2 is small for

‘U > ae,, where € lS the free space perm1t1v1ty For an.o- of
) 32 X 108 'saturatlon occurs where g > l 17 x lO 3 and the t1me of A
IS l_saturatlon can be determined by examlnlng Flgs 6, 15 and 23, f"'
l | AJSQO;and 1000 meters saturatlon occurs before the prompt gamma' '
[péék. At 2000 meters, saturat10n never occurs

How accurately E follows =J lo-is estfmated by'a-“relaxation:

If o is large enough, the relaxation |
most v151bly at’
At far ranges or - closer in at very




Furthermore at the close-ln ranges, 500 and lOOOm satura-

o

k“tlon occurs before the prompt gamma peak so that E. -also peaks,
"and at far ranges 2000m saturation occurs after the prompt gamma
- peak so that the peak is not preserved in E by follow1ng J /0

but rather from E. = JrJ dt. For E - thls results. in & peak

&
 more. broad and delayed in time from the prompt gamma peak. . In

5certa1n time domalns some of these arguments are equally applicable-

to Ee

?i:;lr-:f At 500m and lOOOm saturatlon occurs before the prompt gamma
‘f::peak The plots of 0 at these ranges ‘show that the self- consistent

- model doesn t greatly change the. conductivity. However, 9’

'through the. fleld dependent electron. moblllty,‘lntroduces some small = T

Jaggedness into o.

Slnce E . =-J /o until past neutron arrlval where o is greatly
reduced thus 1ncreaslng the relaxation time, it is reasonable that
" the 1/0 dependence of E_ greatly exaggerates the jaggedness in o.
VA5L81nce J is reduced by self consistency, Er is reduced as well.'

‘An’ 1nterest1ng portion of the E ,curve is at and past neutron :

= arrlval The ¢ curves show a sharp dlscontlnulty in slope at neu-
' tron arrlval and a subsequent characteristic hump. Er exhibits this -
same slope dlscontlnulty and an inverted hump out tc about 30 usec.

' Close in, before the prompt gamma peak, E is driven by the
(rB¢) term. At 500m and 1000m, this can be readlly seen. In both
.self-con31stent and norn-self-consistent plots of Eg there is a very -
'smooth sharp negative pulse which peaks at about 5 shakes 1'If
- ‘this pulse were due to -J /o the Ee pulse caused by a self- con31stent
,J ‘would be opposite in 51gn to the Ee pulse generated by a non- self—-
v1:c0n31stent J Examlnatlon of the slope of the B¢ curve shows that ‘ o
'?:the Ey pulse is in fact driven by- 3 (rB ). .Between 3 and 5 shakes, = LT
§B¢ rlses rapldly and smoothly to a peak - Since B¢ is negat1ve .anrr B

fﬁ1ncreas1ng 5—(rB¢) should give a negatlve E value, It is clear ' o
ffrom the _non- -self-consistent” plots of E that ‘the pulse ends and a RN

18 .




';51gn change occurs at the p01nt where B¢ peaks: and turns over
After B¢ peak& the slope of B¢ doesn't do anythlng of great
interest until neutron arrival. In the intervening 1nterval E
‘1s drlven by -J /c .as can- be accurately verlfled by comparlng

-J o/ with actual values of Eg : , .

‘An important dlfference shown in the overlay plots of E

at 500m and 1000m is that, whereas E remalns p051tlve for a
long time after the negative pulse for the non-self- con31stent
case, Ej remains negative for the self- consistent case. Here- ,hf' o
E, is just following -Je/o. 7 ' '
At 2000m, an interesting feature is that while self-coﬁsis—
tency reduces -the magnltude of Jg due to B¢, the self conSLStent

Ee is actually larger than the non self-consistent E at times

greater than 10 shakes. Here E, is not driven by Je

19 ,
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- SECTION V

RADIATION ENHANCED GROUND CONDUCTIVITY

. In the past, SCX calculations have always assumed a uniform I
homogeneous ground with constant conductivity. However, in the

real physical cadse, the deposition of radiation within the ground

results in ionization which alters the conductivity from its

ambient value. The time variation of the source and the nature

of the deposition make the ground conductivity a function of both

space and time. It is important to determine the effects of these

possible variations on the EMP environments calculated with the

SCX code. | |

To enhance calculational speed and. efficiency, the coding
in the SCX fields calculation has always implicitly assumed a
constant ground conductivity. With the assumption of a variable
conductivity, the differenced form of the radial equation in the
- ground becomes

Z(p,z) , St k _[1 hk-1 8t \, hk-1
- B = - O,. 75— |E
2 28z, ¢’ij_1 ;g G?LJ Ug 2 pijﬂ
[2¢,2) . st \p k-1 _[z(p,z) _ st ) k-1
.2 28z, /¢ 2 ZGZj_ ?ij;l

3/ i3
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- After the standard deflnltlon of constants the foilowingjtesuitr—;jﬁif:ﬂﬁ

B f;:h - is obtalned

a1 0% po1.B X -az2.B X =3 0
J "pj_j' 3 ¢ij J ~¢ij-l J :

'.fﬁ~*  However, the following revised values of several cbnstants~must
' be used:’ " | ‘ “ '

. (2,2 , 8t \p k-1, [Z(p,z) _ 8t \p k- 1

iThe other equation to be differencéd.whichvinvglves ths con-
ductivity ‘is : o

1~

“ : ) B ..
- R(p,z) 5Ei - %

Q2

p(pB¢) + onE ;2-5—— _-Oi,,—;'“.i o

_ ", Assumlng a varlable conduct1v1ty, the follow1ng dlfference equatlon
"&f7'-results ) ' ‘ ' .
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pi + pi_—-l dp , ¢lj c'g ij'g 1_] ‘. _
1 k-1 k-1 Py St\y k-1
=f = - 0,. E +{R(p,z) - ———— B .
c; B U Y | o3 F Pi41 §9)7055
[P st\. X Piy1 s\, X
© e F oy 50) %, qs Tl F e 50 )P
i7 Pia1 i-13  \Pi 7 Pi-1 °P) Pi41y
'*_;_Definitithof constants results in ’
ST : . k k..
. o : : A4.B + A5.E " = A6. ,
T - 4_] (OJ ] z.. ]

ij. : i3
However, the following constants require new definition

k.,_ St (# Alj for thisvcase)

. f1 k-1 k-1 o5 st k-1
A6, = - 5Tty E, + R(p z) - ——— =B, T
. J . —c—g - - 1] & 2— lJ . pi + pi+1 P ¢ij‘ SPIR
) P _ ' _ p__ S ‘-' .
o Pin Sty k-1 _ i-1 st)p k
S N S pi+1 8o ¢i+1j' Py oy g 8005 15

- . When these changes are 1nc1uded 1n the f1e1d calculatlon subroutlne _:
Tl lof SCX, the effect of radlatlon enhanced ground conductivity may .

' _be e§am1ned




Numerous models have been proposed to approx1mate the behav1or réfg

" “of the. ground conduct1v1ty with dose. To estimate the nature of

the effect in SCX, it is convenient to use a simple model suggested T
by Graham and used by Jones($ In this approxlmatlon

1 x 107 34 0e207
8.081 x 1010 10°

og(q,z) = og(constant) +

" where

Q is the ionization rate at the ground -

8.081 x 1070 ®&¥ — 1 rag air
m

z is.the depth in meters (a negative number), and

og(constant) is the normal ground conductivity.

For' a source on the ground, as is the case in SCX, the deposition ,
beneath the surface is rather small for ranges greater than a few
hundred meters. A typical value for the ground conductivity in SCX
calculations is 0.01 mhos/meter. Figure 1 shows the radietion en-,
hanced conductivity as a function of time 5 cm. below the surface
at a range of 250 meters.in a typical SCX run. It can be seen

_that the values change by at most about 50% near the peak. Near_

the prompt peak, values of the transverse.electric field on the -
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gjground decrease by up to 3OA for an’ observer at 250 meters 'ﬁvfr ';ifl”
500 meters ‘the decrease is more 11ke 5% For the farther ob— A
- servers, the time histories compare w1th1n a llne Wldth Thus ' ‘ T,

except for very close in observers there is 11ttle or no effect
of_ennanced conductivity on SCX results. This was the expected
result for a ground burst due to the very small deposition in
the ground. For a near surface case where'the.deposition can be
‘orders of magnitude greater for down range observers, SLgnlflcant

results would be expected A
0.02 -
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Figure 27. ‘Radiation Enhanced Ground Conductivity vs. Time
S for Range of 250m and Depth of .05m.
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