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Abstract

The electron attachment and avalenching parameters currently in
the SHARP code have been collected in a form which should facilitate
comparison with parameters used in other codes. The method of obtaining
the necessary data and the conversion for EMP codes are discussed. A
limited comparison is made between the representations in SHARP and

those in use elsevhere,
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ELECTRON ATTACHMENT AND AVALANCHING

ASSOCIATED WITH EMP CALCULATTIONS FOR HIGH-ALTITUDE BURSTS

Introduction : .

The electron attachment a.nd avalanching parameters presently in
the SHARB (Sandia High Altitude Radioflash Prediction) code have been in
use in the present form for about two years. Since the code is designed
for high~altitude bursts and for time spans up to 500 nsec, many electron
processes are justifiably neglected. More of these interactions should
be taken into account if the code is extended to later times.

The attachment and avalanching parameters are required in EMP ches
in order to calculate the secondary electron nmumber density and subse-
-quently the air conductivity for substitution into Maxwell's equations.

The time rate of change of the secondary electron number density is

Moo = N+ (g ~a) wEn,, > (1)

where

a; = Townsend avalanche (ionization) coefficient,

a, = attachment coefficient,
p = electron mobility,
E = electric field intensity,

and where 1 is the rate of secondary electron productilon caused by the

Campton electrons slowing down and associated processes such as secondary



eleétron thermalization. Data are usually reported for the parameters .
Qs Oy and p as a function of E, and possibly as a function of air
density (p), air pressure (p), or as a function of the molecular number
density (N). Thus rate coefficients for avalanching (qqu) and for
attachment (aauE) must be formulated for Eq..(l) in EMP codes. 4An
additional complication occurs because the attachment-rate coefficient

is the net result of several chemical reactions. Some of thesé reactions
involve two "bodies" with a rate proportional to the air density. Other
reactions involve three "bodies" and have a rate proportional to the
square of the air density. With the rate-coefficient for two-body
effects denoted by aalp/po'and that for three-body effects denoted by

2
aauE = Qg O p/p0 =B po/p

where o is the reference sea-level air density and 8 is the actual

rate coefficient.

Avalanching and Two-body Attachment Data

Thg electron attactment and ionization parameters used 1n.the SHARP
code aré the result of several compromises. The basic source from
which thes? parameters were obtained is a compilation of such data by
Phelps in 1967.1 The essenfial data are given in Fig. 1. A seriles of
ai/N and qal/N values read from Phelps! graphs are listed in Table I.

16

At-E/H near 6 x 10 V = cm?, the spread in the experimental data for two-

body attachment is so large that Phelps recommended using the theoretical
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Fig. 1 - Attachment and ionization coefficients versus E/N for air
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curve given in Fig. 1 for OE/N until the experimeptal sit&ation is
clarified.’ The molecular mmber density st sea level, N_ = 2.5 x 1072
molecules/cm3, is used to generate the additional horizontal scales in-
Fig. 1.

The C., C. (Chatterton-Craggs) data? in Fig. 1 give an indication of
the effect of three-body interactions. These data were teken at 5.9
to 17.L torr and 288 K. They are in sharp contrast to data taken for
oxygen alone, where in this pressure range three-body processes are
significant only for EVbOE < 4 em™ torr™. ; For the same O, pressure
to be present, the corresponding E/Pair is about 0.8 V em™r torr . The

C. C. data indicate three-body processes are significant in air for E/p

<15V em L torr .

Extension to Higher and Lower Field Values

x torr-l, data become

As the value of E/p increases beyond 40 V em™
scarce. In this region the ionization coefficient is several orders of
magnitude above the two-body attaclment coefficient. Hence attachment
3

can be neglected. For E/p between 10 and 107V em™t torr-l, Kontaratosh
suggested the following equation to describe variation of the first

Townsend coefficient for dry air:

e -222 (E/p)% R
p -0 exp-[m ] Lﬂmlo'”E/p} o e @)

vwhere Efp is in V L torr™, Iety =E po/p in esu. Then



y(esu) = 2.53 E/p (V et torr'l) ,

and with

Fie
It
e

Eq. (2) becomes

0 -
%P _ 072 exp [_ '551-6]{ N - }cml
P J 1+1.58x10 'y

Eq. (&) is useful over the range
25.3 <y < 2530 esu .

For y > 2530 esu, the form suggested by Arnush,5 et al., is

0.8
= 13 - 505 (%) ,

"dl'_P

or

.p- ,
G: © - 9880. - 8.06 x 105(;,;)'0'8 am™t

(3)

()

(5)

(6)

(1)

As Arnush, et al., point out ,5 this higher field region is difficult to

represent with high reliability.



The low ¥y regions also involve uncertéinties. The C. C. data go
to Efp 6V em™t torr™ for attachment of electroné in air. At lower
y values, data are available for individual gases such as 02 and N2, but
not for air. Longmire and Malik6 have coﬂbingd these NE’ O2 data into

attachment rate estimates for air:

- a ' -7.5 l/p
B(lOssec l) I Fot S lh{ g 0.04 (9—) g R 10 _g 6(——)
1. + 22y~* Po 1.41.5x10 v ) \Po
(8)

A different version of this variation as ﬁsed in the CHAP programT is

g(sec

- T /p p - 100 o/p
1y . 63z200 (2 +l.3x108p—exp[—-——;+—o—]:
,E+O.l ©

o E+ 10
where E and y are in esu. For p = Po Fig. 2 gives a comparison of these
functions with those in SHARP with the two- and three-body terms.separated.
The criticism might be raised that the electron mobility and attachment
rates are usually obtained from steady-state types of experiments, and,
hence, the constituents of the alr may be altered from those in the
atmosphere. Thus, parameters cobtained by combining N2 and 02 data would
be more appropriate than results measured for air, since the EMP is too
fast for the composition to change to that in the steady-state experi-
ments. waever( the experiments add extremely small amounts of energy
to the medium, so there is little possibility of change in ‘the camposition

of air.8 Typical currents in such experiments are on the order of 10.-10

8
amperes .
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The Electron Mobility

The variation of electron mobility with electric field strength

and .atmospheric density used by SHARP is given by the rational function

approximation
4 1 .
4o 1.62 + E;,L Ai(Epo/p)
Po 1.4 25‘, B, (E po/p)i ’ )
i=1
with
A = 1.1321417712 107 B, = 1.8499033641 10'll
A, = - 6.k273213607 107 B, = - 6.5335355762 1071t
Ay = 6.0323166013 10719 By = - 1.1862042487 10717
A, = 5.0549330598 10726 B, = 4.0923235457 10724

a o -22
B_ = - 56,2445039013 10 ~

vhen E is in V/m and y is in m?/(v sec). This approximation is reason-

able in the region
0<Eyp/ le6V/m .
P/ P

For larger values the variation assumed is

koo /o = R (12)

B.E po;p

with a lower bound of 2.17 x 10"2 m?V’l sec-l. Such a break is necessary

because of a discontinuity in the rational function near 2 x 106 V/m,

as indicated in Fig. 3. As noted in Fig. 3, data points for the fit
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Fig. 3. Electron mobility in air vs. applied field intensity.

were obtained from Carl Baum's 1965 article.g If this fit Wére to be
repeated now, it is likely that critical review would alter the choice
of data somewhat. A spline curve-fitting procedure would also be used.
However, it is not clear that the present data justify a fit with better
than the T% rms error noted in Fig. 3. A. V. Phelps indicatedl that at
high E/N the mobility is likely to increase with increasing E/N. He
suggested the increase may be associated with greater forward scattering
and a reduction in the (1 - cos 8) factor which enters the momentum
transfer cross section. Such a minimum does occur in He and Hé data

1
- 2
near E/N ~ 10 Ly . Thus, the mobility variation may be improved

at a later date.
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Three-body Attachment

Inconsistencies occur vhen comparing the various sources of avalanching
and attachment coefficients. Concentration on 'attachmen'b rates for
three-body ef;_F'ects in air yields Fig. 4. The solid curve is the spline
£it used by SHARP, The hump near 100 V/m is suspected not to be real.’
The three-body attachment curve is expected to continue downward with a
slope similar to its value at 10° V/m. In most high-altitude burst
situations, the air density is sufficiently low that three-body attach-
ment gives only a slight effect, so the hump should not influence the
results significantly. Neglect of the hump also requires justification
of neglect of the 100 and 200 torr data points which appear to agree
quite well with each other near 8 x 105 V/m. The most reliable three-
body attachment data for air appear to he those of Hessenauerlo that are
listed in Table II. Other data by Chatterton and Cra.ggs2 and by KuffellzL
only indicate the pressure ranges at which data were taken., For example,
Kui‘felll noted that his data were recorded in the range 6.8 < p < 10.0 mm Hg.
The pressure corresponding to specific data points was not reported.

At the low-field limit, the 10° sec™ attactment rate may be in error.

7 -l

Channin, et al., predict a value of 7 x 10" sec at 1\To =2.5x ZLO:I‘9

a3 and 300 k.12

They report their value is lower than previous esti-
mates., Judging from the data in Fig. 4, g theoretical curve could likely
be used for three-body attachment also. A theory for these processes

has not yet been developed.8
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field intensity.

The spline fit of the avalanching data and the two- and three-body

attachment data are illustrated in Fig. 5. The fits were generated by

3

. 1
.an early: version of the UNFOLD ~ program, with help from Ruth Lighthill

and Frank Biggs of Sandia Ieboratories. The general form for a cubic

‘Sspline 1s -7

K
£(z) = & + &, z + 63z2 + 5,+z.3 + Z 53 (z = yj)f s
J=5

where (w) = wh (w), and h(w) is the Heaviside unit step function. The
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Tgble IT. Three-body-attachment Coefficient Data for Air
Attachment Coefficient™ £ (em™) Velfgi‘gy
E/p Epo/p p,= 50 torr p = 100 torr p = 200 torr Vp = pE
v/(cm-torx) ¥V/m N=1. 65x1018cm'3 N=3.3x1018cm'3 N=6.6x1018cm'3 ( 106cm/sec:)
0.1 7.6 3.6 15 0.h2
0.2 15.2 0.67 2.2 10.5 0.61
0.5 38.0 0.20 1.0 k.9 0.95
1.0 76.0 0.11 0.56 2.1 1.25
1.5 114.0 0.27 ——— 1.50
2.0 152.0 0.15 0.72 1.68
3.0 228.0 0.0k 0.51 2.30
5.0 380.0 0.0k 0.10 -—— 3.10
10.0 760.0 0.0k 0.06 0.29 5.20
15.0 1140.0 0.05 0.25 7.10
20.0 1520.0 0.15 8.00
22.5 1710.0 0.2 0.40 9.60
25.0 1900.0 0.2 10.5
30.0 2280.0 0.2 12.0
35.0 2660.0 13.0
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parsmeter z is a function of y (y = E po/p in esu).that is convenient for
the fit. Table III lists parameters for the three curves. Each function
is represented only in the range given. Outside the range, the attach-
ment 1s neglected while the avalanching is represented by another form.
After £(z) is found, the attachment or ionization rate (sec-l) is obtained
by raising the base e (or 10.) to the exponent f£(z) and then multiplying

by the proper power of the air density ratio.



Table III.

=18~ °

Funetions

Fit Parameters

.2 =Y

£(z) = tn [ozp,/p]

zZ =Y

Z = loglo y

£(z) = 4n [a 40 /p] £(2) = log [aagpi/pa]

Parameter Lk esu <y <200 esu 20 esu <y < 200 esu 0 <y < 60 esu
&, -2,4872887793(1) 1.5914108145(+1) 8.0000000000(+0)
85 T.9069485666( -1) -1.6626307256(+0) 2.7932011026( -1k4)
53 2.2095580635(~16) 1.049531126k4(~1) T.3445017261(-15)
8, ~5.2678739418(-18) -1.7492185440(-3) 6.0056011180(-15)
55 -1.3265274555(~2) 2.0464881885(-3) -5.4872069272(~2)
8¢ 1.8477990009( ~2) 5.8235366016(-5) -14,2930076068( ~1)
57 <4 .94 72053746(-3) -2.97T71484267( -4 ) 1.0011432014(+0)
88 -3.5523110653(~4) -1.3132783631(-4) 1.8200397658(+0)
59 1.59620721.0k4 (-4) 1.3194978470( -}4) -6.7367830986(+0)
510 -1.1175221266( -4) -5.8652945216(~5) 1.9396095453(+1)
8.1 5.14597169105(-5) 1.6542339312(-6) -2.0743355229(+2)
810 -1.1767242330(-5) -7.5405859589(-7) 4 ,0800941511(+2)
813 -2.2581411067(-7) -3.41.50609628( -7) 0.0
Y5 k5.5 23.0 -1.23
Yg h7.5 30.0 0.4
Yo 52.0 36.0 0.1
g 64.0 52.0 0.6
Yg Th.0 61.0 1.0
Y10 84,0 73.0 1.3
Y11 90.0 92.0 1.k3
Y1p 110.0 120.0 1.55

172.0 148.0 ———
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Recapitulation

For y < 200 esu, a spline fit.to the Phelps recommendation and a
fit to the three-body attachment data are used as estimates for the
attachment and avalanche rates in ajr. The attachment data are separated
into two- and three-body contributions, as indicated in Fig. 5. For
200'< ¥ = 2530 esu, Eq. (4) for a'ipo/p is used, (after renormalization
as explained below) with calculations of p(y) requiredAfor evaluation of
the attachment rate. For y > 2530 esu, Eq. (7) is used (again, after
renormalization) for the Townsend coefficient. It is suspected that
inclusion of avalanching limits Y to less than 200 esu and the other
representations will be unnecessary for most electromagnetic pulse appli-
cations. '

The Eq. (4) requires renormalization for continuity at y = 200 esu.

Here the Phelps' curve indicates gvalanching dominates, and
) -1
obiE po/p = T-1 x 107 sec™ .
Eq. (4) leads to

CLip,E po/p = 5.4 x 1010 sec-l .
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Renormalization of Eq. (U4) for continuity at y = 200 esu gives

a.p - _
L2 (™) = 358. exp [ 561'6] 3 mn . (13)
b S 1. +1.58x10 "y

Figure 4 indicates the limits of mobility data for air. For ¥y > 2530,

Epo/p > T.59 107 V/m and no mobility data. are available. If p = 0.0217

2 . -
n VT seet is assumed, the renormalization of Eq., (6) to preserve con-

tinuity at y = 2530 esu gives

o -
ay -3 (sec l) = 7.95 x 108y - 6.48 x 10°° y°'2 . (1)

More Comparisons with Other Representations

Conrad Longmire has combined avalanching data for N2 and 02 and

found an analytic approximation for air, as indicated below.T

P
1 -1

sec
1. + 0.3 y§'5

5.7 x 108 Ng

a;0./0 = (15).

where

Ep

0O
yl-mesu .

Camparisons of the Longmire avalanching curve with that used by SHARP
are given in Fig. 6. Recalirthat at the lower end of field intensity
in Pig. 6 Phelps indicated a wide spread in the available data; thus he
recommended use of the theoretical curve.l A change in choice for the

ionization coefficient would then affect the data for two-body attachment
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in this Epo/p region. This may explain some of the differences that are
illustrated in Fig. 2.

In the high altitude EMP c:ode,-I\I}E:PHI,lllL déveloped by the U. S. Army,
the mobility is obtained from a five-piece curve fit.lh The data Wyatt
used for the fit were obtained from electron swaﬁm measurements of the
drift velocity. With E/p in V/(em torr) and 4 in ne vt sec‘l, the

equations are:

MO 2,092 .
oo " T +33. E/p’ U/p=00303;
M ) E E\2 E\
— = 1.809202 - 34,1606 = + 332,685 (—) - 1186.94 (—-) s
Po P P p
A Ammn o B
C.0303 < -p— = 00,0905 ;
MO 0.169267 E |
— = ————, 0.0905 = = < 0.4579
s VEB P :
Hp 2/E YE E
P _ 0.16212 {.u E\ . o. _} ) E _ 6o
» exp {0.04912 fn (p) 0.51686 m(p), 0.4579 < = = 605
MP 0.6579 E
== = 0.03368k L <=,
o, = OO3 gy 0 60 <3
7 6 + 085
The CHAP code’ uses the approximation up/po = 0.267 ____255_35} where
1+ ‘

p is in m?/(v sec) and y = Epo/p (esu). Comparison of these representa-
tions with that used in SHARP is given in Fig. 7. Wyatt has also indi-
c:a.'bed:LLL the attachment and ionization parameters used in NEPHI. Rather

than give more detailed comparisons here, they will be left to the
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FMPPROG meeting. It is anticipated that more parameter fits will be
presented there, so complete comparisons must walt till after digestion
of the material presented at the meeting.

0t

1.X10 RUN Kd.= 1
E OO0 CONE T VI T PV i 7T
- NEPHI ;
-/ 4
' -
' |
1.x19 %P - _
£ Z
> C 3
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— | !
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— -01 H
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m = -
o = =
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1.x10 1521.L11uul L LiLn il.lllluu _J_JJJLunn§1_1111unn71_Lilluu
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Fig. 7. Comparison of pp/po(mzv-lsee-l) as a
function of Epo/p(V/m) as represented in CHAP, NEPHI,
and SHARP.

A Recommendation

There are other difficulties in the alr parameters that have not
yet been mentioned. For example, calculation of lower-altitude bursts
must concern itself with the effect of water vapor. At least threé sets
of data are available for the 3% water vapor -- air mixture: those
due to Phelps, Wyatt, and Baum.15 At some values of E po/p, they differ
by nearly 50 per cent. | |

The limited comparisons that have been made here illustrate one
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main fact -~ the spread in data is so large that various choices in data
can give wide variations to the analytic representations of the parameters.
This spread has been known for several years. It prompted a recommenda-
tion by Malikq'5 and others more than three years ago. The need is still
present. It is recommended that a molecular physicist review the air
chemist:y data and its representations, and attempt to produce a more
reliable set. It is anticipated that further experiments will be required
for such a parameter set to merit high confidence.

EMP calculators could probably agree to use the same analytic
representations for the parameters. Such a step would be fine for
comparison of codes. However, the expected iﬁprovement in the agreement

between codes would not necessarily improve the reliability of the results.
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