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* Abstract

The electric field dependence of air conductivity allows the
presence of a metal body to influence the electromagnetic fields genera-
ted by an ionizing radiation environment. The numerically determined
" results prOV1ded here illustrate that interaction can be significant,

particularly in weakly ionized media or at low air pressures -when air
reakdown at the extremities of metallic structures can occur,
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INTRODUCTION

The prediction of the electromagnetic fields engendered
by an ioniziné radiation source in the ~atmosphere is complicated.by two
'nonlinear factors. First, the primary electrons eJected by Compton
or photoelectrlc effects are deflected by a force F due to the electroJ
magnetic flelds |
F.=-qg +.q v ; g . E - _ @
‘Secondly, the air conductivity, the secondary electron mobiiity, and the |
attachment and avalanche rates dre all dependent on the local electrlc -.F
: field : ' o o | ;

Because the local electric field areund'a scatterer is
.much different than it would be in a homogeneous media, the nonlinearities
mentioned above make the ekciting‘enﬁironment'dependent upon the scatterer.-

Since these are compler proeesses most predietions of
currents or- charge densities on scatterers nearra souree‘of ionizing
radiation are made seriaily. ‘Firet, a eurrent density ealcelation is
made assuming that the brimary electron motion is not affected by the =
generated fields. Secondly, a ealculation.of the electromagnetic fields
and air condecfivities, E(t,r) and o(t, T) are(made. Finally, frem the

&

E(t,r) and c(t T) the response of the scatter (I(t) and p(t)) is found.

i
Except under extreme condltlons (very low air pressure and large bodles)t

. the serial predlctlon |

Y +F > E, 0 - I,p - o ‘ Lo(2)



should yield an excellent approiimation,to the solutio
problem,

Y>I,p0 .

serial solution
is compared to a direct solution

J+ I:p ¢

Formulation
The problem to be addressed is that of
: cﬁrrent induced on a cylindrica; post mbuntéd-qn é per
_ ground_plﬁne and driﬁen by an ékially directed sourée
uniform in the r direction in ¢ylindrical coordinates,
source current is assumed to travel unattenuated in.th
at velocity ¢, the speed of light, ‘

. le-z J:Z(t + Z/C)

n of the complex

preditting the
fectly condubting o
current Jz tFig.:i)
The exciting |

€ -2 direction

- (6)

' The field eéverywhere must satisfy Ma%well's equétion o
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because there ism ¢ dependence (7,8) reduce to

9E. oE_ oH
(__r._ o, .__z) = _HJ

3z ar ot . (9
3H¢ oE_ ' '

- — =°Er +E— : :
ez ot s - (10)
94,  H O

(;$+-j9-J + 0 +g—= -
x at ' - -1y

Without the scatterer present the only component of the field is Ez; f
which satisfies 7 ' ' D o ’
o . BE; ‘ ) L : -
Jz + oEz +e—= =0 (12)
ot : : : o
To effect the serlal solution (12) is solved numerically to

yield o(t + z/c) ‘and E (t + z/c).- The response of the post is then

computed as the solution of a scattering problem by numerlcal technlques

[1],[2].%
The direct solution is effected by solving t9,10,11) numeri-
cally for the total field and the induced currents and charges directly{
The formulation of the direct solution is not much more
.difficult than the serial solution; one maj wonder’wby one Would bother ‘
rwith the serial approach. The reason is that the solution for the in-
c1dent field is usually a two- dlmen51ona1 calculatlon 1tse1f and 1ntro—t
duction of the post would make the problem three dlmen51ona1 Only for
the 51mp1e case selected here is the’ dlrect solution a numerically attractlve

approach Comparlsons of the serial and direct solutlons for this

. *Numbers in square brackets refer to references at the end of the text.



" simple problem should provide insight into the acéuracy of the éppli—

cation of the serial solution to more difficult problems. L

RADIATION INDUCED SOURCE CURRENTS

" For high energy photog sources CE§>O.25 Mevj, primary
electron production results from the Compton effect; soufce'current
den51t1es not too close to the source are dlrcctly proportﬁonal to the
ionization rate‘Y[3]

[Jz(t,z)|=>f .(EY)i'(t,z). - | - ' - (13)

Thg proportlonallty constant fY (EYJ does not depend upqn the air

-preSSure Two curves for f j (Flg. 2). are glven for two ¢ommon

" units: of ¥, roentgens/sec and MeV - Zsec -l f<

‘ ' For the numerical examples a 51n2 pulse of 20 nanoseconds
duration (full width at half max) has been chqsen as the shape of the in-
rcident gamma pulse. This pulse shape carresponds roughly to the pulse
shape produced by the HIFX machine at Hérry Diamond Laboratories. :The

. peak rate of the pulse was ghosen to be 109, 1011, or 1013 r/séc_i

for our sample calculations. For an average photon energy of 1 MeV this

flux would yield source current

,jz(t + z/¢) :5 sinzcﬂ(t.+ z/e)/t) O s& + z/c)<T | ’ ,' _ (14}.,-

= 0 ‘ otherwise

for the examples selected

= 40 nsec = 2*(pulse width)

and A = 20, 2000, or 200,000 amperes/m-

2x1078 . v



CALCULATION OF AIR CONDUCTIVITY

In solving equation (12) or (7) and (8) the nonlinear
time varying air conductivity must be compufed numerically, Thevbig~
rdifference in the two solutions is that in solving (12) for E and © 7
one solution suffices for all z and r 1ocations,7whereas a separate solu-

tion must be compﬁted‘for each spatial node in tﬁe'finite_difference :
approximations. | |

 The air conductivity,o”=l0(181, pf}is'defined,as

=gl + (n_+#nJwl .t o am
Hefeln is the number densit} df secondary electrons [m’s]; n"end n_
are the.number den51ty of negative and positive ions [m~ ], and u and
u; are the electron and ion mobilities [m /volt see] For a relative air
density Py of 1, ui = 2,5x10 -4 m /volt-sec wh}le ue varies between }.ﬁ_
and 4;c10_2 m2/v01t:sec as a function of electric fiel& strength. Since_
the electron mobility is between 102 and 104 times ae large as the ion .
moblllty, the ‘electron density is the major contributor to conduct1V1ty.

When the ion conductivity is Ielevant it may.Be'added but this procedure

will not be discussed here. Equation (15) simplifies to

c(lgl-" br) =4 "é(lgl’ pr)“e(lgl.’ pr_)v‘i e
Only two variables are now required--the conduction electron demsity and
mobility.r | ‘

| The source-of the;Secondary electfons is the magnitude of
the ionization rate function, +¥(z,r,t), times a conversion faetof, KG) ).
12

As 7‘15 expressed in roentgens/sec and 1 roentgen is equlvalent to 1, 61;10

ion palrs/g air, we may deflne an electron source functlon, Q, with units



of [e—lectrons/m3 sec] as
Q(Z,l";tspr) = K(pr) '?(Z,Y‘,'t) i (17)
with | |

K(ﬁ}) [1 61x]0 (e1ectrons/g aTr)/roentgen]

X [—*——171.7225;(]._0 1. and - ~ | (18)
. K(t?) = 1.97221015p%[eTectrons/mS)/roentgen]. . f (19)

With thie electron source function defined, it is now pos-
sible at a fixed position (r,z = constant) and for a constant air denSity
(pr= constant) to define thHe electron density as a function of time (t)

and electric field strength, |&|, THe equation representing the conduction

_electron density generation is

dn (r z t) ‘ )
———&?-—m—-+a([[,o)n(rzt) Q(Zr'tp)
*G(I l,p)n(rzt) | ' S (20

. o : . ) . ' -3 .- -
where n, is the number den51ty of conduction electrons [m "], Q is the
electron source function, a is the attachment rate of electrons to 0

[sec ], and G is the electron avalanching or "breakdown" effect rate

. [secvl]. Slmpllfylng equatlon (20) to consider a fixed position and

air density,

d (t) | | '
L+ [ (| |) —<‘<| D1 ny(e) = o) - ~ 21)

To solve equatlon (21) numerically the following differen-
ced solution is employed-with analytical fits to the measured attachment

and avalanche rates (Fig. 3):
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‘with 7

N, = az At . - - o o @

Wiih_the calculation bf‘the‘conduction (or secondary)
electron density; only the eleétron mobility remains to be considered,
The analytical fits to the measured data uﬁed in this analysis were devised:
by Longmire and Longley4 (Fig. 4). |
The electron mobility can be evaluéted at the same time

and spatial location as thie secondary electron density so that

+1/2 ¥ + : y ‘ ) -
o ,/ =9 ug 172 ng 1[2 .5 ' 24y

»Thus, the conduct1v1ty O(I I,p ) is evaluated for use in equatlons (7),

l

(3) and (12).

INCIDENT ELECTRIC FIELD PREDICTIONS

Solution of equation (12) for the electric field and air
conductivity in the absence of the scatterer is accomplished by finite

difference techniques.. The differenced form of (12) is

EE(t +At)'—‘E(‘t) + ot E@:l pr) E(t + At) + E(t)] - _J’Z(t) . - } (25)
At 2 : ' .

E(t + At) is computed'from (25) using.E(t) to:computé ;he electrical

con&uctivityrfrom (24). This brocedure is accurate as long as E(t) &oes

nét change much in the time increment At (here taken £o be 1 picosecond).
Incident electric fields and ambient air conductivity

waveforms were computed for two radiation pulse flux levels (14) at two



relative air densities (Figures 5 and 6j. These waveforﬁs were used
to excite the cylin&rical post in pursuing the gerialrapproach (4j to
current and qharge predictions,

Since the predicted fieids are z independent, the
environment exciting the post was taken to be E(t + z/c) and U(t + z/¢).
Finite difference calculations were used to compute the cﬁrrent and
chafge on the surface of the body driven by this ekcitation. The calcula-
tion.begins.at t = -h/c, when the downward traveling wave would just

reach the top of the post,

The finite difference solution of Maiwell's equations has
been previously described by this author [2]; 131 aﬁd by othérs [11, [5]-
The formulation will nof bé repeated here.

‘The resultant predicted currents and charges on the post
(0,E to I) are shéwn in figures 7 through 10 where they are comparéd to

" the results of the direct (J to I) solution.

THE DIRECT SOLUTION

The direct solution of equations (9) —ﬂ(li) in the -
presence of the post is unlike the.dﬁ to I calculation in that the
total electfomagnétic fields are computed here, not the scattered
field normally computed in a scattering problem. rThe calculétion.must
be-started earlier here;_t.; -2 h/c so that the conductivity of the éir B
above.the post will be properly established when the pulseAreaches'the
post. The presence of the post is simﬁly acéounted“for by makihg all
figlds zero in the region occupied by the post.
The resultant directly computed (J.to Ij.curreﬁts ;ﬁd éﬁﬁrgesy

are shown on Figures 7 through 10.



DISCUSSION OF RESULTS ~ PREDICTED FREE ‘FIELDS

The free field environment (0,E without the post present),
was computed for three photon flux levels aﬂdrtwo relativerair densities.
One of the principat effects of air density (Figure 5, 6,
and 7) is its effect on electron attachment (Fiéure 3); Since the attach-
meﬁt rate at pr¥ 1 is 2;c108 (at low_field intensity) the decay time constaﬁt
for secondary electrons is about 10 nsec. The air conductivity will tend
to decay with the same time constant at later times; Exact proportionality .
is prevented by the dependence of mobility on elecfric'field_and the pre-
sence of ion conductivity (15) which decays with a much ionger time constant,
For the lower airAdensity case pi= 0.01; the attachment rate
is 2x104 at low field iﬁtensitiés; essentially no attachment will 6ccuf in
the time frame of interest here. All of the conductivity profilgs.will be
at a high level ét the end of the timerof interest herel. |
A more important factor affecting the air condﬁctivity at
early times is the behgvior of the electron mobility (Figure 4). vThe
conductivity at very early-tiﬁes is independent of air density since the
electron generation rate Q (17} is propoftional to p, ﬁhile tﬁe mobility
is inversely proportional to P The principle pertufbing effect is the
electric field dependeﬁée of mobility., For example, although»the fieldsi
~generated by the 109 roentgen/éec pulse'arevabout the same, ~25 kv/m, the
normalized electric fieldrﬁ/pr will be 100~tim§s 1ﬁrger in the thin'aif.-
- The mobilit} and, congequently, the conductivity of the thinner air will
'be about a factor of 6 lower at the time of the peak electric_f;eld.
Another important éffedt is air "breakdown'; secondary

electrons accelerated in intense fields will strip additional electrons



from neutral arr molecules Th1s avalanche phenomena wrll cause sharp
1ncrease5 1n the conduct1v1ty when the normallzed electrlc fleld.E/p

-exceeds the breakdown fleld strength_of three megavolts/meter (Flgure 3]

For the waveform selected for con51derat10n here, Breakdown,w1ll not occurr

at 1 atmosphere because the conduct1v1ty Tises too fast. Fox Py 0. 01

: breakdown occurs for Both 1011 and 101 rOentgen/sec (Plgures 6 and 7)

" The rapld rises in conduct1v1ty Cnot ev1dent on.a 11near scale) cause

rapld decreases in thHe field 1ntens1ty SO that only a short hlgh 1ntensrty.f"

vimpulse-rema1ns~
 DISCUSSION OF RESULTS « PREDICTED RESPONSE
In the study‘presented'Here only éne post was-considered:~'-"

'_Cheight'h = 2, radius a = 0 2. This selection was not made to enhance

- any effect but rather to present typlcal results, In the conc1u51on we

describe the appl1cat10n of these results to other 51zes of posts Rad1al-s-*'- f

electric fields are given (Figures 8- 10) rather than charge den51t1es,
because the 1nterpretat1on of the data depends upon the electrlc f1e1d

howev ‘conv io E
- however, nrers n is 51mple P normal/ ‘

‘ ‘For the relatrve air den51ty of 1 the serlal approach and‘"
_the direct solutlon give about the same results 1n most cases - This f}; - _
Aoccurs because the ambient conduct1v1ty is high enough that the flelds on,drv
the end of the post never reach breakdown _ ' S ﬂ.,
' For the thln air case p = 0 Ol the a1r at the end of the‘if

e post breaks down at each of the peak flux rates c0n51dered ‘ Perhaps sur—';ﬁ;;ff"z‘

prlslngly, the blggest differences between the ser1a1 and dlrect solut1ons;:ﬂf'h5'

:A'occur at the lowest peak flux rate. _This is Because the air would not -
‘have broken down without the post present. . . Therefore, breakdown at the
'lend of the post greatly 1ncreases the conduct1v1ty allow1ng current to
. flow off .the end of the post. At ‘the hlgher flux levels the peak electrlc_;

. field will occur’ before current can bu11d up any’ apprec1able charge. on

~the end of the post; consequently, the breakdown ‘occurs much as 1t d1d w1th—

:out the post present



7 As previoUSly mentioned, the:purpdse ofithie study wes
to find the conditions when the serial approach will yieid’good results
’ and to determlne when serious errors mlght result, - . 7
These results indicate that serious errors w111 occur when
~ the normalized electrlc field at tﬁe extremltles of the structure exceeds
 the breakdown intensity (E/p > 3x10° v/m). ‘
» " Since most serlal solutlons can calculate the peak electrlc,.f
flelds at the extremltles it 15 easy-to determine a poster10r1 whether a"
~ serial solutlon is likely to be in error.
- , ~To determine the’ likelihood of breakdOWn at the ends of
a post 1n a conductlng medla, the amplification factor [Flgure 11) can
. be used. When charge rushes’ up to the end of a post in a weakly con-
}ductlng media, tﬁe scattered fleld at the end can exceed the 1nc1dent fleld
rby several tlmes. This. is ‘the most llkely time for breakdown to occur
"( 2 2 h/c). The’ amplification factor was computed numerically w1th a
- step function 1nput. ‘The concept:s only valld ‘for weakly 1on1zed medla
Twhere charge can build up -on the end; however the curve has been plotted
'for all values of ¢h to 1nd1cate the type of behav1or expected ,
To use the ampllflcatlon factor we must assure that ‘the
' 1nc1dent electrlc field pulse width exceeds 2, 2h/c.' We then multlply

fthe-1nc1dent electric field pulse by the ampllflcatlon factor expected at

o(t = 2.2h/c)*h. If the normalized total field exceeds thejbreakdown 1nten—;:if
:qSity; -_ : : : : : - - . CT .
R - y
ETC, E p ? 3x10 v/m
: ginc

then the serlal solutlon 1s llkely ta be in error' ) ‘
L _ U51ng the ampllflcatlon factor curve 1t is easy to see why

7 :,breakdown did not occur w1th (I --I;the ampllflcatlon.factor 1s;sovnear 1 '1"

B -1n the highly conductrng alr.J ; _' o o e

_ oo Also shown on Figure 11 is the dlfference between ‘the. ampll—
.flcatlon factor for a thln "antenna type" structure (h/a = 100) and 2 _

'J;fat post (h/a = 10) Naturally-the thlnner structures are more suscept—-rl

5.p 1b1e to breakdown and less suBJect to analysis w1tﬁ a serlal solutlon." o
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'.-FiQure 1.

S1mp11f1ed geometry for the 2D 5°Urce 3; =
: reg1on 1nteract1on [prob]em X
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