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ABSTRACT

This report summarizes computer results for the time-
dependent non-equilibrium conductivity of air subjected to an
intense dose of ionizing radiation in the presence of a'strong
electric field. A two-temperature model is employed throughout,
and an appropriate set of reaction equations for the time-~
dependent specie concentrations are solved.

Results are presented for the conductivity, the electron
concentration, and the electron and gas temperatures for several

cases of interest.



1.0 INTRODUCTION

When air is subjected to a short, very intense pulse
of ionizing radiation the various degrees of freedom of the
air respond at significantly different rates. The ionizing
radiation is absorbed in electronic degrees of excitation --
exciting, dissociating, and ionizing the ambient air molecules.
The kinetic temperature of the heavy particles remains ambient
and the free electrons quickly thermalize to a temperature of
the order of electron volts (~ 104°K). Only after times of
the order of nanoseconds (10-9 seconds) do the electron and
heavy particle temperatures equilibrate, and the air then re-
laxes to near equilibrium conditions with a time '"constant"
of the order of microseconds -- depending on the final air
temperature obtained. The late time residual effect of the ion-
izing source resides mainly in the abnormally large concentrations

of ozone O NO, and NO2 -- depending again on the final temper-

ature and,ahence, total dose. In the presence of a strong elec-
tric field, the electron temperature and concentration remain’
far from equilibrium for as long as the field is applied --
significantly changing the air conductivity and increasing the

absorption of the electric field energy.

These non-equilibrium effects have long been of interest
to EMP studies (Ref. 1), and have recently been applied to free-
free radiation emission studies (Ref. 2). Earlier studies were
restricted to doses and field strengths such that the final
air temperature and chemistry was esséntially ambient. We are
interested here in cases for which this is not true, and the
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time evolution of the chemical composition and energy compon-
ents of the non-equilibrium air must be followed in detail.

The general chemistry code ALCHEM has been suitably
modified and applied to this purpose. It is described in Sec-
tion 2.0 below, and our results are presented in Section 3.0.

2.0 THE CHEMISTRY CODE ALCHEM

The code ALCHEM is a generalization of the code devel-
oped by Scheibe of Mission Research (Ref. 3) and Gunton of
Lockheed (Ref. 4) for high altitude deionization studies. The
code has been extensively modified into a multi-temperature
model with attention to the detailed energetics. The specific
elements of our calculations are discussed in turn.

2.1.1 Included Species.

The species included in our calculations are listed in
Table I. Water molecules have not been included although their
important effect on the detailed final stages of electron ther-
malization is well known (Ref. 1). Similarly, the hydrated
molecular ions responsible for the late time D-Region deioniz-
ation are omitted; their inclusion was found to not change our
results during the time intervals of interest.

The various entries in Table 1 are:
(a) The "zero point'" or dissociation energy of each
species (eV/particle)
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(b) Six specie identifiers:
(i) Specie type:
0 - electrons
1 - neutral specie
- positive ion
- negative ion

- total neutral concentration

Ot b W N

- total positive concentration

6 - total negative concentration
(ii) Number of Nitrogen atoms per molecule
(1ii) Number of Oxygen atoms per molecule
(iv) Number of Carbon atoms per molecule
(v) Number of Hydrogen atoms per molecule
(vi) (not used)

(c) £, Number of classical degrees of freedom for the

specie

(d) If not equal to zero, the specific heat tabulations
of Gilmore are used (from Ref. 5)
1f equal to zero, the specific heat per molecule
is taken to be

-1

= wo | wo/KT _
c, = £/2 - 1+ g% [e 1]

(e) wp, the vibrational spacing (eV)



28 29

ra

TOTALS-

TABLE I.

l SPECIES SPECIFICATION CARDS

000900060000000627 COODOOOOCOO
)09330002039200092000000022000
(1)) 080:80003056800063900000033000
(021!009211‘.100022200000011000

.............................

37773337222203377?I..I-Bﬂﬁﬂ-l-‘-(ﬂ-vmm
-—

— s ot ot | ot e o ot O

2909999929723 TTTRTT2ITITTT
] 1

1t [N 11 [} [N [
020011010‘2001020‘3“000000000
[} 11 1 ¢ [ | 1 ] td oy
nU|..I.l|.l.||.l111‘12222222233333456

0053663‘.18801896000500830000
0009325953800“1502006580“6000

—OoCoO TN — 40965?_0951541_ Iooo
1 ot ot ps ot ot ot ot ot | ] [ ]

|
T
o
[>]

02~
03~
M+
M-

]
o =

I&L3h§:611ﬂoiul)ﬁaq:fbv-BoIUlzc3nJ>61|B
e ot ot ot 5t o ot vt o N NN NN VN

29
' SPECIE INDICES-

mp—— ——— e —— o oy ————

POSITIVE( 14-21) NEGATIVE(22-28)

NEUTRAL( 2~13)




o~

v ——d

2.1.2 Source and Initial Conditions.

Three ionization sources are employed in the code at
present:
1. Instantaneous energy deposition at time t = O
Q(t) = Qo 6(t) eV/cmSSec.
2. The continuous source

= Qo 12) -t/Ta _ e-t/T2|_ eV
a(t) = [1 + 11] e [1 e ] 5
cm secC

where -

_ eV
T2 << 7, and fQ(t)dt = Qo [-—3']
0

cm

3. The source
q(t) = qo(t/T1), (t £ T1)
= qQo, (1€ t €£712)

‘—'0, (t >Tz).

Most of the results we report here are for the third source

above, with 1; = 2x10_gsec, T2 = 10-85ec, and we assume a constant

electric field £(v/cm) only during the time t £ T1,.

For initial conditions, we follow Gilmore (Ref. 6) —-

reproduced here as particles per ion pair --
Particles per Energy Spent per

ion pair ion pair (eV)
Ny 0.62 9.66 eV
0 0.16 1.93
N* 0.18 3.49
o* 0.04 0.65
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Particles per Energy Spent per

jon pair ion pair (eV)
02(1A) 0.4 0.49
N 0.45 2.20
N(%D) 0.61 4.43
0 1.3 3.33
26.18eV

Observing that 33.73eV are deposited per ion pair produéed,
that 26.18eV are accounted for by dissociation and ionization,
and assuming the kinetic energies of the heavy particles un-
changed, we obtain 7.55eV kinetic energy per electron produced,
corresponding to an electron temperature of 58,400°K.

2.1.3 The Reaction Set.

The reaction set we employ is adapted from Scheibe's
D-Region set (Ref. 3), extended to include some fast electiron
reactions from NRL (Ref. 7) and from EGG (Ref. 2). Except for
the fast electron reactions, our rates were generally taken from
the DNA Reaction Rate Handbook (Ref. 8).

The various reactions we have considered are listed
in Table II, including their rates, R, at ambient temperature,
the rate coefficients A,B,C, the reaction type N, and the energy
emitted per -reaction, AE(eV). The various reaction rate pre-
scriptions employed are identified by the reaction type index
N, defined as follows:
N = 0: Electron production reaction due to the
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N =1
N =2
N=3
N =4
N=35
N=2©6

ionizing radiation source q(t). The
reaction rate is

R = A[ggtgg] reaction/sec per target particle.

Photo dissociation. R = A .

0, photo dissociation. R = 6.33x10  3a¢~0/17.7¢
where h = altitude (km).

03 photo dissociation. (Altitude dependent).

The composite reaction

0™ + N,0 » NO~ + NO, (R, = 2.3x10"10)

and

> NO + 05, (Ry = 5x10~ 10

NO™ + O, )

resulting in

0 + N,O + 0, ~+ 05 + 2NO, with reaction
rate R = 2x10'10[2%9]Be*C/T
The NRL reaction "KTV" (Ref. 7)

ot + N, -+ Not + N

R = 10712(1 - x)(1.2(1+x) + 50x2 + 120x3 +}
260x2+400x°+500%% (1+x+x2)

where x = exp(-3481/Tv), where Tv is the

N2 vibrational temperature (©K), here taken

to be the electron temperature Te'

Dissociative capture on 02:
0, + e~ 0" + 0O, the reaction rate being a

fit to the thermal average of the cross
section quoted by Kroll and Watson (Ref. 9),
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1.66x10" )

gD
8 = kT_ is the electron "temperature" in ev,

R = e=3-7/0(1 _ 2648

and n

= 1 for 6 2 1.0eV
n =0 for 6 < 1.0eV
N=7. R=A
E i zf g j i(SOO/T)z -C/T} T being the gas temper-
= 9: = A(300/T) e ature (°K)
N = 10: Radiative Decay.
R = A, the Einstein A-value, and the photon
energy w = C
N = 11-14: Not used.
N = 15: Dissociative recombination - vibrations at
gas temperature TA
R = A[E%QJBe_C/Te(l - e D/Ta
e
N = 16: Dissociative recombination ~ vibrations at
the electron temperature Te(OK)
R = A[QQQ]Be‘C/Te(l - e D/ Te)
Te
N=17: R = A
N = 18: R = A(300/T,)"
N = 19: R = A(300/T_)Pe"C/Te
N = 800 + n: The nth electronic/ionization rate
tabulated by Ali (Ref. 7 -~ reproduced
as Table III.)
N = 900 + n: The inverse of the excitation rates

of Ali/NRL:
R(900+n) = Ae~C/Ter(800+n)



00+300€°2 2 0070 00°0 21-300°t 71-300"1 +0+ ON= 20+ 4N
00+30§9°9 L  00°0Q 00°0 01-300°¢ 01-300°€ +ON + 0= W+ N
10~300€°6 4  00°0 00°0 91-300"1 91-300°1 ON + 40N = N+ +20
00+3064°2 L  00°0 00°0 01~30€°9 01-30£°9 20+  +ON = ON + +20

o 00+309S°L 8  00°0 0%’ 11-300°2 11-340°2 0+ +20= 20+ <0
00+30SE'® L 0070 00°0 Z1-30€" 1 21-30€°1 0+ +ON= ON +  +0
10-3001°6¢ 2 00°0 00°0 21-300"1 21-300°1 +0 + N = 0+ oN
00+30/%’2 2 0070 00°0 01-300°€ 01-300'€ +20 + N = W0+ N
00+3092°S L  00°0 00°0 013009 01-300°8 +ON + N = ON +  +N
00+30S0°1 L  00°0 00°0 11-300°1 11-300°1 IN+ N = N+ +2M
00+3096°1 L 0070 00°0 21-300°9 Z1-300°9 N+ +0= 0+ <+2N
10-3008°s 8  00°0- 00°1 62-300°§ 62-312°§ W+ +hN= We N+ 42N
00+302°C 8 0070 0s° 11-300°¢ 11~301°4 IN+ 420 = 20« +2N
00+301€°9 L 00°0 00°0 01-30€°€ 01-30¢ ¢ TN+ 40N = ON +  +2N
10-3008°E &1 00°0 00°1 20-300°€ 10-300°€ 0 + (02N = 34+ 0N
00+3092°2 &1 00°0 00°1 10-300"1 10-300°1 0+ N = 3+ +ON
00+3090°1 91  00°0 6E" 80-304"1 80-30# "1 (QZN + (2N = 3+ 42N
00+3che’€ 91  00°0Q 6t” 10-30L°1 10-302°1 N+ (02N = 3+ 2N
00+3020°2 &  00°00EL  00°0 £1-306'6 h1-3n0°1 20+ QON = €0+  ON
10-30.4°6¢ L 0070 00°0 #0-309°2 #0-309°2 + W= +(01)20
10-3012°6 L 0070 00°0 81~30h'2 81-30h°2 W+ W= 20 +(01)20
ic-2042°6 L 0070 007G 02-300"1 02-300°1 - IN+ 20 = IN +(01)20
10-3042°¢ L  00°0 00°0 91~300"1 91-300°1 0+ 20-= 0 +(G1)20
10-30L4°6 L 00°0 00°0 &1-300°€ $1-300°€ N+ 20= N +(01)20
20-300€°2- &  00°0082 00°0 11-306"h §1-30.°2 0+ W+ 2W= €0 +(01)20
00+308%° 1~ 9  00°0- 00" 0~ "0-  91-390°2 -0 + 0= I+ 20
00+308€°Z L  00°0- 00°0- 11-300°1 11-300°2 N+ ON= ON + (Q2N

., 00+30£9°§ L 0070 000 11-300"1 11-300°1 0+ 2N= ON + (Q2)N
M 00e308£°Z L  0070- 00°0~ - 41-309°1 #1-309°1 N + N = IN + (Q2)N
00+3022°€E 1 0070 00°0 Z1-300°9 Z1-300°9 0+ ON= 20 + (Q2N

| 09+3CI§°'9 1 0070 00°0 11-300°2 11-300°2 + ON= 0+ N
=1 00+309L°6 L 0070 00°0 £1-300°1 11-300°1 + W= N+ N
M 00+3015°9 8 0070 S6° 2£-310°1 Ze-311°1 20 + + ON= 2W+ 0« N
= o00+3015°9 8 0070 0s" 2€-310°1 Z€-360°1 N+ + ON= 2N+ 0+ N
00v3092°6 8  00°0 £8° ££-300'§ £E-3L1°6 20 + + ;W= W+ N+ N
00+309.°6 @  00°0 18" €E-3ns'8 ££-348°9 N+ « W= W+ N+ N
00+30£6°% 6 0070001 0070 #E~-300°1 9€~301°¢€ W+ + O2N= W+ ON< N
00+309%°§ 6 0070021 0§'- 11-304 € €1-391°§ 20+ ON= £0 + N
oo+3018°T 2  00°0 00°0 Z1-300°6 Z1-300°6 0+ O2N= 20N + N
GO+306€°€ L 0070 00°0 21-30076 Z1-300°6 ON+ ON= 0N + N
00+3062°E L  00°0 00°0 11-302°2 11-302°2 0+ Nz ON + N
CC+306€E°T 6  00°000k 0070 11-304°2 11-3€2°¢ D+ ON= 20 + N
00+30.0°% & 0070012 0070 Z1-300°1 S1-3LL b W+ 20 = €0 + 0
00+3E60°E &  00°001Z 00°0 Z1-300°1 S1-311h 20 +(01)20 = €0 + 0
00+30Z1°C 8  00°0 00°¢ £1-302°9 11-3E1°9 + 2N = ON + 0
00+3021°¢ @  00°0 6" ££-318°2 £E~386°2 IN + + W= I+ QO+ 0
00+3021°§ 8  00°0 L £E-39h°§ £6-329°§ 20 + + W= W+ 0+ 0
00+3000°2 &  00°00E 000 11-309°1 Z1-359°¢ 20+ ON= 0N + 0
00+306E°1- &  00°0020Z 00°0- Z1-30£°§ Zh-3E8°1 N+ 20= ON + 0
GO+30ZI'E 8  00°0 0s°2 1€-300°1 1e-311°1 W+ + N = We ON< 0
00+3052°€~ 6 00 0061E 00°0- 01-300°1 89-350"1 N+ ON= N+ 0
60+300°1 @  00°0 09°2 - #E-305°§ #€-321°9 W+ + €0= We W+ 0
10+3E6w°1- 0 007 0- 00° 0~ 20-300°2 "0 I3+  N= N N
10+329€°1- 0  00°'0- 00°0- 20-300" "0 3¢ 0= N 0
00+30621°¢- 0 0070~ 00°0- 10-305°9 "0 0+ 0= +« 20
10-30/4°6- ©  00°0- 00°0- 10~300" 4 "0 +(Q1)20 = .« 20
10+3902°1- 0  00°0- 00° 0~ 10-309°1 "0 3+ +20 = + 20
10¢3m1Z°1- 0 0070~ 00° 0~ 10-305" # "0 N+ (QN= +« W
Eaie b oge e foanl § 0 e chienis PR

. - ‘0- ‘0~ -302° 0 + +«2N= -
AD)HV % 0) d v H o
SiN313144309 s3lvy SNOILIV3M

- 0 . . -
J . . '
——— - ; . . s . .

]
1 el Bt e Vsdn vt B——— e

AN NO~0e



10

TABLE II, Cont'd

10+3€91°L L 000~ 00°0- $2-300°¢ $2-300°¢€ We 20+ 2Ws We =20+ <20 221
00+3006°9 8  00°0- 0L 10-301°2 10-391°2 0+ 0= 3+ <20 121
10+3902°V @ 00'0- 0§'2 92-300"1 92-311'1 W + W= W 3+ +20 02
00+3096°1- 1 00°0- 000~ 11-300°2 11-300°2 We 42N« 0= N+ 0 b1
00+302§°€~ L 00’0~ 00°0- 01-300'1 01-300°1 2N+ 20 = N+ <20 81
1o+351$°1 2 00’0 00" 0~ $Z-300°€ $2-300'¢ W+ 20+ 2IN= W+ 209+ 42N L]
10+3S18°L L 0070~ 000~ 10~309°1 10-309°1 20¢ 2N= -20 + +28 91
10+38sS°Y ¢ 00°0- 0s°2 92-300°1 9¢~311°1 We + 3= We I+ W &1
10+3660°L & 00°0 0s’ 10~300°1 10-320°1% 200« 203+ 20 = -#03 +  +h0 ki
00+302.°8 @  00°0 0s 10-300°% 10-320°1 €0+ 2WI+ 20= -€03 + +h0 £l
00+306$’'6 8  00°0 0§° 10-300°1 £0-320°1 0+ €0+ 20 = -E0 + 440 21
10+3221°L 8  00°0 0§’ 10-300°1 10-320°1 W+ W+ 2= -20 + +h0 11
00+3010°8 8  00°0 0s" 10-300"1 10-320°1 20 + 0+ 20= -0+ +n0 Ol
10+36E1°1 8 0070 0§ 10-300°2 10~340°2 20+ W)+ 2= -#03 « +20 601
00+3080°'8 8 0070 0s§° 10-300°2 10-340°2 0+ 203+ 20= -€03 + +20 80l
00+3086°6¢ 8. 00°0 0s’ 10-300°2 10-340°2 E0+ 20= -€0 ¢+ 420 101
10+3691°L 8 0070 0s® 10-300"h 10-380"h 2+ 20 = -20 + 420 90}
00+3026°8 8 0070 T 10-300°2 10-300°2 0+ 20= -0+ +20 SOI
00+3055'8 8 0070 0s’ 10-300°2 10-300°2 20+ 2W03+ ON= -400 + 40N KOl
00+3062°'S 8 0070 0§’ 10-300°2 10-340°2 0+ 200+ ON= -€02 + +ON €01
00+3091°L 8  00°0 0s- 10-300°2 10-360°2 €0+ ON= -£0 + +ON 201
00+3058°8 8 0070 0§’ £0-300°2 10-300°2 20+ ON= -20 + +ON 10}
00+30£9'S 8  00°0 0§° 10-300°2 10-340°2 0+ ON= -0 + +ON OOl
10~-3006°2~ 6 00700501 00°0 20-30€°€ 81-3h8' 4 W+ 200+ -20= W+ + -#03 66
00+3092°E L 0070 00°0 01-305°1 01-305°1 20 + -€0) = _ 0+ -403 86
10-3006°2 8  00°0 00°1 62-300°2 62-380°2 W+ + -h02 = W+ 203+ -2 16
00+306k'Z L 000 00°0 11-305°2 11-306°4 200 + -£0 = 0+ -#02 96
10-3008°'4~ 8  00°0 001 0£-300°1 0E-3h0°1 W+ + -f0= W+ 20+ -0 S6
00+306E°Z L 00°0. 00°0 11-300°1 11~300"1 20+ -2 = 0+ -€0 Wb
10-3002°'8 L  00°0 00°0 01-300"# 01-300"h 20 + -€0] = 20+ -0 £6
00+30:6°1 L 0070 00°0 11-300°8 11-300°8 200 + -20 = 0+ -€03 2
00+30ES°1- L 00°C 00°0 01-30€°§ 01-30€°§ 0+ -£0= €0+ -0 16
60+3089°1 L  00°0 00°0 01-300"h 01-300"h 20+ -€0= €0+ -2 06
00+3012°€E L  00°0 00°0 11-300° 1 11-300°1 W+ -0= 0+ =~-20 o8
00+3E19°1- £ 0070 00°0 01-300°¢€ 01-300°€ 3+ E0= -0 +(Q41)20 88
10-3026°¢ L 00°0 00°0 01-300°2 01-300°2 3+ W+ W= -20 +(G1)20 18
00+3086°1 L 0070 00°0 01-300°2 01-300°2 3+« 2= 0+ -0 99
00+3018'2 L  00°0 00°0 01-302°2 01-302°2 3+ ON= N+ -0 <8
10-3002'¢- L 0070 00:0 01-300°2 01-300°2 3+ WN= ON+ -0 w8
00+3080°® L 00°0 00°'0 01-300°¢ 01-300°§ 3+ 2WNS= N+ -20 E8
10-3002°9 L  00°0 00°0 01-300°€ 01-300'¢ 3+ E0= 0+ -20 29
00+30w9°E L 0070 00°0 S1-30€°1 §1-30€ "1 +  ~0= ER o 1is
00+3065°2 8  00°0 05°1- 21-300°6 21-3148 W+ 0= 3+ to o8
T0-300E 4~ 6 0070008 0§'1- 21-306°1 02-391°§ N+ 3 20= I+ + =0 e
10-300E°« L 0070 00°0 1€-300°1 1€-300°1 N + + -20= N+ 3+ 20 82
10-300C "4~ & 0070656 0§°- 01-30L°2 61-3h8°6 20 + 3+« 2= 20« + =20 u
10-300€4 6 007009  00°1 62-30h"1 0€-328°1 20 + + -2W= W~ 3+ 21 N
10+3591°T 8  00°0 00°1 90-306" 1 90-396°1 20+ 20 = I+ +0 s
00+308€°C2 L 0070 00°0 01-300°§ 01-300°4 W+ 20+ <+ONS= ON + +e0 &L
10-360¢'9 L  00°0 00°0 01-300'€ 01-300'¢ €0 + +20 = 0+ <00 €2
10-300L°4~ 6  00°0005s 00°1 10-300° ¢ h1-305"1 Wwe W+ +2Ws= N + M U
10-3001'4 8  00°0 00°1 0£-300°¢ 0€-321°C W + +h0 = We 20+ <20 U
00+30w6'Z L 0070 00°0- 01-300"4 01-300°# «20+ N+ W= 20+ s+ Ol
10+300s°1 @  00°0- 00°1 90-301°2 §0~361°2 : N+ W= I+ oWl 09
10-3004°1- 6 0070068 00°0 11-301° 1 h1-306°1 ON+ 0= N+ +20 @9
00+3081°® L  00°0 00°0 or1-3o8°1 01-308°1 0+ +ON= N+. +20 19
10-3002°Lt L  00°0 00°0 11-300°1 11-300°1 €0+ <+ON = WN +  +20 99
00+43090°€ L  00°0 00°0 11-300°4 11-300°1 N+ <Nz 0+ <« 99
10-3008°'9 L 0070 00°0 11-300°L 11-300°1 (TN + +ON= Q+ 2N 49
00+30t6°6¢ L  00'0 00°0 60-30€° 1 60-30€° % ON+ <+ON= 0N+ +0 €9
00+3001't &  00°0 0§’ z1-302°1 21-302'1 Ne +0N= INe  «0 29
to-3004°Y 2 00°0 00°0 €1-300°% £1-300°1 Ne W= ON » «0 19

[

- e B e 3 ‘rrrs e WY e e g ———— W e -

v et gt g e gt gt gt Y gea el



11

‘Cont'd

TABLE II,

‘Q
10+«3302 ' 1-
10-30147°6
10304176~
10+38s5° 1~
00+3012 6~
10+2E5h " 1~
0u+308E°¢C
00+308¢ &~
10+329€° 1~
10+-3902° 1
10+385S° 1
00+2022°6
10+3C5&° 1
10+329¢€°1
10-3001 @
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N = 950 + n: The inverse of the ionization rates of

Ali/NRL ~ Reaction rate obtained from
the direct reactions of Table III with
Saha relations at temperature Te’
using partition functions from Refer-
ence 5, Table B-VI,

In the presence of the strong electric fields of interest
here, the Druyvesteyn distribution is a more appropriate electron
energy distribution than the thermal average we have employed
here (Ref. 11). Except for the strongest fields we have consid-
ered, this modification results in only few percent corrections
to the conductivity. The stronger high energy tail of the
Druyvesteyn distribution somewhat enhances ionization processes

and slightly increases the electron concentration.

The electron swarm energy equation is assigned Reaction
type 20. Expressed in terms of the electron temperature, T it

e,
is written
(1) (2) (3)
dTe _ Te—TA _ EE dne ) 1 dEB .
dt T n dt £ X dt
€ 2e
(4) (5)

5, 2
dt E-field dt source
The five contributions we consider are:

1. The electron energy loss due to collision with the
cooler gas particles at temperature Tp. The energy
exchange time T is evaluated as a function of time
using the calculated specie concentrations and the
relaxation times per specie particle of Table IV
(from Ref. 5).
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TABLE III

Electron impact excitation and ionization rates (sec-1

per molecule). The temperatures are in eV and the reactions
are numbered as follows:

1. o: (G-l 11, Ny: (x'z+4%%)
2. 0: (3p+1s) 12. N,: (x'5+B%m)
3. 0: (Ip+1s) | 13. Ny (x72+¢%nm)
4. 0: 20%(®p)-2p33s(%s) 14. Ny: (X'E+D°I)
5. O0: Ionization 15. NO: Ionization
6. N: (4S+2D) . 16. Nz: Ionization
7. N: (%s+2p) 17. N} (x%1+8%1)
8. N: (°p+2p) 18. 0,: (X%msa’a)
9. N: 2p3(%s)+2p23s(ip) 19. 0O, (X27-b11)
10. N: Ionization 20. 02; Ionization

The data are from the compilation of Ali (Ref. 7), except
for the NO ionization rate, for which the experimental

data of Rapp and Englander-Golden were employed (Ref. 10).



TABLE III, Cont'd

ALT/NRL EXCITATION/ZLIONTZATIUN RATES (1/SEC)

Leme

& m— —
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1EMP 1 2 3 4 5

ol 1,73K=18 1 ,V7BE-29 1,58E=19 6,19E=4Y 1,10E=067

1€ S5¢0BE=14  1,96E=19 1,44E=14 B, 17F=29 3.14E=58

ed  2,01E=12 2,108=16 6,99E=~13 4,608=22 2,08E~28

o 1,8BE=11 T, 13E=1%  4,9%E=12 1, 15E=18 LeT1E=23

o2 4,00E-1) 6,04FE=18 §,61E=11 1,50E=16 1,55E=20

O BobbE=11  2.55t«03 $,535E-11 $,11E~1% ] ,46E=18

o 1 D2F=10 7,25 =313 6,17k=11 3,05E=164 3 ,BlE=~17

b 2,32F=10 t.60KE=1¢ 9,40F=]1 1, 71E=135 4, 43FE=16

»9  S,20FE=10  2,.9HE~12 1,30E«10 &,%9F=~13% $,01E=15
1oV 4,20E=10  4.93k=12 1,69E=10 1,95kt f1,40L=14
1ol 5,306=10 7,48E=12 2,09E=10 4,/7E=12 4,9%E=14
1o2 6,58E=10 1,06E=11 2,49E=10 1,01E=]1 1,42E=13
1a3  T.47E=10 1,43E~11 2,90E-10 1,90FE~11 3,50E=13
1,4 B,5E=10 {,B% =11 3,29610 3,28F=11 7,58E=13
1.5 9,6%E=10 2,32E=11 3,6bE=10 5, z6b=1} 1,49E=12
1,6 $,07E=09 2 820«=11 4,05~10 7,96k=1] 2,69k=12
o7 1,17E%09 $,357E-1) 4,41E~10 1,15E=10 4,54ke1
1.8 1,87k=09  $,96E=11 4,76E=10 ) 59F«10 T.2bE=12
1.9 1,86E209 4.55E=11 5,09E=10 2,13E=10 1,11E=11
2,0  1,46E=09 5, 15E=11 H,41E=10 2,76Ew10 1,62E=11
Cel 1,54E=09 S,78Fell  S,72F=10 3,50E=10 2, 29E=1]
2o 1,05E%0% 6,02E=1) 6,0)E=]D 4,3U4E=10 S,14k=11
Fe3 L TIE=09  7,07E=11 6,350E«10 5,28t=10 4,20F=11]
2o 1,/9b=09 7,72F~11 4,57Em10 6,351E=10 5, 49E=}]
29 1,BTE=09 B,37E=11 6,82E=10 /,404E=10 T.05E=11
2y 1,94E=09 9,02E=11 T,07E«l0 H,65F«10 B,B4E=11
ol 2,01E-09 9,6/E=11 7,81E=10 9,94t=10 1.09t~10
2,8 P,07t=09 J,0BE=10 7,53F=10 1,13E~09 1,34F=10
2.9 2,136=09 1,10E=10 7,79 =10 |,27E=09 1,61E=10
30U 2,20E=09 1,16E=10 7,96k~10 1,4PE=09 1,92E=10
3¢l 2,25b09 1,22E=10 8,16t=10 1,%8E=09 2.26E=10
32 2,31L°09 1,20E=10 8,35-10 1,74(=09 2,64k=10
5.5 2436E~09 1, %4Fe10 8,55E=10 1,90E=09 5,05E=10
3.4 2,41k=09 1,40E=10 8,71E-10 2,07E~09 3.,51F=10
3,5 2.46E~09 1,45E=10 B, RBE=10 ¢,24E=09 4,00k=10
340 2.51E=09 1,52¢=10 9,04FE«10 2,42E-09 4,53¢E=10
307 P.55%E=09  1,58E=10 9,20E=10 2,59E=09 S.09F=10
3.8 2,60E=09 1,63E=10 9,85K«10 2,77L=09 5.70£=10
3¢9 2,04t.09  1,69E=10  9,09k=10 2,95E=09 b6,34F~10
4,0 2,6B8E=09  1,74E=10 9,63L=10 $,12b=09 7,03E=10
4,1 PolIE~09 1,/9E~10 9,7n0E=10 3,30k=09 7e75c=10
b,2 2,75L=09 | ,KUE=10 9,H9E=10 3,48E=09 B,51E=10
4,3 2,7BE~09 1,H9E=10 1,00t=09 5,66E=09 9,30L=10
4,8 2,8PE=09 1,94E«10 1,01Fe09 $,84Ew(O 1,01£=09
4,9 2.85E=09 1,99tw10 1,056=09 d 0LlE=0Y 1,10E=09
be0 2,BBE=09 P (U4E=1U 1, 04E=09 U4, 19E=09 1,.19£=09
B,01 2,91E=09 2,08F=10 1,495.=0Y H,36E=U% 1,29E=09
BB 2,94E=09 £,156=10 ),06E=09 4,58k=0Y 1,38F=09
4.9 2.,90b=09 R2,17t=10 1,07F=09 4, /0F=0Y 1,49L %09
5.0 2,99L=0Y 2,21E=10 |, ,ubE=09 4,87E=09 1,59t=09
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TABLE III, Cont'd

ALI/NRL EACITATIUNZIONIZATIGN RATES (1/5EC)

-

e e

TEMP 6 7 8 9 10

1 S,44E=19 3 A0E=25  2,457E=14 2,37E=%0 0,

W@ G,2BE=10  3,37E=17 1,18E=11 2,b3E=29 O,

.$ 3.92'&-12 lqh”':-l‘u 9.59&'11 j.(’lh-dd 0l

24 3,19E=)1 S 90E=15 2,67E~10 1,07t-18 0O,

D 1.18E=10 2,63E=12 5,04k=10 1,50t=16 7,24E=23

b6 2.64E=10 9,4bE=12 1,73E~10 d,12F=15 3,14E=20

o7 U,BUuE=10 2,37E=1) 1,05%=09 4,408E=14 1,61E=18

B T H1Fe10  A,T7SE=1) 1,338E=09 2,71t=13 2,88k=17

@ 1,08E=09 B,10E=11 1,60E=09 1,11E=12 2,66E«16
1.0 1,43F=090 1,25E~10 1,85:«09 3, 48k=12 1,57E=15
1,1 1,79E=09 1,/7t=10 2,09FE=09 B8,89E=12 b,69t=15
{1, 2,10E=09 2,87L=10 2,32E=U9 1,96E~i1 2,24t=14
1.5 2.53E«09 $,04E~10 2,53t=09 S$,85F=11 6,26E=14
1,4 2.89E=09 3,75=10 2,73t=09 b,85%E=11 1,51E=13
1,5 3.24t=09 4,50k~10 R2,91E=~09 1,14E=10 $,25E=~13
1,06 5,5B6E=09 S,28E»luU  3,09E=09 1,78E=10 6,56E~13
17 3.,91E=09 6,07E=10 3.2%E=09 2,64E=10 1,15E=12
1,0 4,23E=09 6,B7E=10 3,40t£=09 3,77E=10 1,96E=12
1,9 4,53 =09 ],68E=10 3$,954E=09 5,18fE-10 3, 16E~12
2.0 4, 8PE=09 B, U3FE=10 3,67E=09 6,92E=10 4,86E=12
2el B,09L=09 9,27E=10 5,79E=09 G,Vik=10 7,20E=12
Lef B 88E=09 ), 01E=0Y9 3.91E=09 1,1%E~09 1,03%t=11
2.3 S5.59E«09 1,0HE=09 G,01E~09 },d43E=09 J.d3E=11
2,4 5,BR =09 1,16E=09 4,11E=09 1,75E=~09 1,93E=11
2.5 b405E=0Y 1,2%E-09 4,21E=09 2,12b=09 2,55E=11
2.6 6,26E=09 1,30F=09 4,29E=09 2,52E=09 $,50t=11l
2.7 b UbE=09 1,37E=09 4,388E-09 2,96E~09 4,20E~11
2,8 6H,05E=09 §,4UF=09 4,45F=09 $,45E«09 5,26k={1
2.9 6,83E=09 1,50FE=04 4,536£-09 35,97E=09 b6,U4BE=11
3,0 7,00E-09 1,57E=09 4,b60E=09 £,55L=09 7,d89E=11
3.1 7.16E=09 1,63F=09 U,66F=09 5,135E=09 9,49E=11
$42 T,51E=09 | ,69t=09 4,72L=09 S,/7E=09 1,13E=10
3,3 7,45 =09 1,75E=09 4,7BE=09 6,44E=09 1,33E=10
3,4 T7.99E=09 1,B0FE=09 4,83E=09 7,1%E-09 1,55E=10
3,9 7.72e=09 1,86E=09 4,88E=09 7,89E=~09 1,80k=10
3,6 7,BU4FE=00 1,91E«09 4,95E«09 B,06E=09 2,07E=10
3,7 T,96E=09 1,96E=N% 4,97€=09 9Y,00E=09 2,36E=10
5,8 B,076=09 2,U1E«U9 H,01t=09 1,08E=08 2,6HE=10
5,9 8B,1B8E=09 Z,ULE=09 5,05E=0% 1,11k=08 3,02k=10
4,0 RA,28E=09 2,10E=09 LH,09F=09 §,20F=08 3,39E=10
4,1 B STE«DG 2,14F=09 L, 1CE«09 1,29t=08 3,7BE=10
4,2 B,UGE«09 <,18F=09 5,15E«09 1,3%8E=08 4, ,20L=10Q
4,3 B,55£=09 2,22K=09 5,18E£=09 1,48F=08 4,64E=10
G,4 H,b4E=09 2,26k=09 4,21E=09 1,58E=08 S,11k=10
4,5 B,71F=090 2,30k=09 YH,24E~09 1.,6/E-08 5,60E=10
4,6 B T6E=-09 2,55k=09 5H,26E=09 1,77t=08 6,12E=10
4,7 B HSE=09 2.37F=09 4,28t=09 1,8/L=08 b,67E=10
4,8 B,9%F=0Y P2,00F=N0 5 51FE=09 } 98t=08 7,24E=10
4,9 B,9BF«09 2, 43E~U9 bH,55E=09 2,06F=08 7,83E=10
5,0 9,0Uk=0y Z2,4bbE=09 5.34r=09 2,JubL=~08 #,4%=10
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TABLE III, Cont'd

ALIZURI. EXCITATIONZJUNIZATION RATES (1/8EC)

TEMP 11 12 15 i4 15

TedOE=48  3.90F=dt  2,43Feb7 S, U9E=69 4,17E=49
5.29E=23  4,19E=2Y Fy4bFE=35  3,50E~37 4,55E=29
Sed3h=18 1,028«19 1 ,59Fapy T,10E=28 2,18E=22
1o l3E=15 5,276=17 2,11E=20 5.,04E=2% 4,88E~19
S.B0E=14 2, 30E=15 6,31E~18 2,04E=20 S5,12k=117
6,12E=138 2,92k=14 2,B2E«16 1.49E=18 1,16F=15
3,38E=12 1.8IE=13 4,2bF=15 5.21k=17 1,10E=~14
1o19E=11  7,21F=13 3,26E=14 3,20E=16 K,00E~14
S 3,23k=11  PL13E=12 LyDbBEwLS 1 91E=15 2,27E=14
TalBE=1) S, 09f=12 SehNE=13 7,98F=15 6,66E=13
1aS6E=10 1,04E~11 1,57FE=lp 2.97E=14  1,62e=12
Pe39C=10 1,91E=11 3,71f=12 b, 7T8E=1d 3 dlk=i2
$5.79k=10 %,19t=11 7,67E=1g 1,5UE«13 baUbE=12
S5e63k=10 4,96E=11 1,d3Fw1] 3,1PkE=t3 1,126=11
TaQUE~10  7,30E=11 2,44FE=11 5,72k«13% | ,82E=11}
1,07£=09 t,08k=16 4,89E«11 PlatE=13 2,79E=11
1,300=09  1,89F=10 5, B8FwI] 1,%5F=12 4,08E~11
1y76E=09 1, 81E=10 HedTE=11 2,35E=1? S.74kE=11
Rellb=09 2,31E=10 1.1/E=10 S,dlte12 7,81t=11
Ce62b=09 2,B7E«10 1,%VE=10 Uy75E=12 1,03E=~10
3410E=09 3,50FE«10 2,u% w10 bol2E=12 | ,34E=10
3,01£=09 d,20k«10 2,00F=10 ByU3E=12 1,69 =10
U 15E=09  §,9%Feil  3,25E=10 1,08k=11 2,10E=10
4,71E=09 SH,.//E=10 3,94F =10 1,35F=11 2,57E=10
Sa29E=09 6,6AE=10 4, 73E=10 1.67E~1} 3.10E=10
5¢BYER09  T,LHF=10 H,59E=10 2,02b=11 3,69t=10
T 6,U9t=09 b,52E=10 6,52F=10 Aedlb=11 4,45E=190
& 7.11kE=069 Go55L=10 7,585E«10 2,B3Le-1l S.06L=10
9 T 75E=U9  L,06FE-GY9 B,99f«10 S5.5uk=~11 4,85E=190
Be3GE=09 1 17E=09 CFellE=10 $,B0L=11 6,70L=~10
BeGub =00 1,28k«09 ), 09E=09 4, 33FE=]1 T.61E~10
Fe60E=0% | ,49F=09 1,21L=09 4 ,90Le1] 8,59F=10
1.02E=08  1,5iF=09 |,84Le09 Y,49E=11 . 9,64k=10
1, 08E=08  1,62E=09 1,4/E=09 b6,12t=11 1,08L=09
1,14E=08 1,74E=09 1,61E=~u9 O /TE=11 1,19E=09
1,20F=08 1, Bhte09 1,74L=09 7,45t=11  1,32E=09
1.26E=08 1,99E=09 1,88E-09 A, 14E=11 1,45E=09
leSzb =08 2, )1E=NY  2,03Ff»09 §,80FE=1] 1 ,59E=09
1,36L =08 2,25E=09 2,176=0%9 Y, 60F=1] 1.,75L=09
Lod3betiy 2, 860Ee09 2,820=09 1,04ke1y | 8BE=09
JoU9E =08  2,0hE-0Y 2,4/E=09 1,11t=10 &,04E=09
1aDUE=08  2,60E=09 2,61E=09 §,9it=10 2,20E=09
1.60E=08 2,75E=09 2,76Ew09 1,27t=10 2,37L=09
1o65k=08  2,H5%E~0%  ¢,91E-09 {,35be10 2,5%4L=09
1.70E=08 2,97E=19 3,00E=09 1,43t=10 2,73E=09
1, 7dE=08  3,69E=09 3 21tLe09 1,51t=10 2,91k=09
1, 79E«DE 3, 21Ee04  $§, 46FE=00 1.59b=10  3,11E=~09
1,B4E=0B  $,45Em0n 3§ SO0Lelq 1,07E=10 3,30L=09
1o BRE=0H 3, 45E«u9 . bSF«09 Ly /bb=10 $,%1E=09
1o92k-08. 3,06k=09 5, 79E=09 |, ,Bdbkw=jo 3,72kE=09

TV LA~ C CENT U DWW IO LT~ U L& b

. & = - . - L] » - - 2 L ] » ” ®» » & < B e » - - 2 » -

UEeELDoDELELDCWWWWWWS WKW WNN

[ » L J s - - = - L ] - - L] L] - - = L J - - - B B - L]

CLAUNTULELNNC CONOU D WN -~

16



Pl Y

Ve

ro——rp

[P

L

\d

TABLE III, Cont'd

ALIZNRL EXCITATION/ZIONIZATION RATES (1/SEC)
TEMP 16 17 18 19 20
L1 1.79E=78 0, $,420=14  1,2/E=17 1,%7E=15
J2  1,92b=43 6, ,8dE=50 1,Hlk-1d 2,7ht=104 1,99E=12
S b,lUb=32 2,16E=36 B,20F=12 H4,15E=13 2,h2E~11
W4 3.65F=26 1,18E=P9 1,94F=1} 1,7dt=12 1,04E=10
LB 1,09FE=27 1,29E=25% $.45E=11 4,51t=12 2.,51E-10
Wb 2,32E=20 b,S0E=2% 5,31F=11 8,10E=12 &, ,h9k=10
T 1,0BE=1B S,238E=21 7,4b6FE=11 1,30k=11 7.56E=10
W8 1.96F=17  1,40E=19  9,HSE~11 ) ,Bbbkeil  1,10E=09
W9 1.BHE=16 1,89f=18 ],24E«10 2,%0E=11 1,51E=09
1,0 1,15t=15 1,49E«17 1,92FE=10 JS,1/E=11 1,906E=09
1,1 5,13E=15 B,04E=17 §,h0E=10 3,HBE=~11 2.,46E~09
1, 1,79k=14 3,2hE=16 2,09E~10 4,60E=11 2,99E=09
1,3 5,17E=140 1,08E=1% 2,59b=10 5,32E-11 3,56b=09
1,4 1.,29h=13 3,01E=15 2,68E=10 6,05E=11 4,15E=09
1.5 2,86k=13 7.,80E=1% 2,9BE~10 6,76E=11 4,7/t=09
1.6 bH,76F=18 1,59E=14 $,2/E=10 7,40k=11 5,40E=09
1.7 1,07E=12 $,1bE=16 $,55«1C bB,15E~11 6,06£=09
1,8 1,86F=12 &,62E=14 3,83k~10 B,82E«11 6,72E=09
1.9 S 07E~12 1,01E=13 4,10E=10 9,46E=11 7.,40£-09
2,0 4. M1E=12 1,65E=13 4,3%~16 1,01e-10 8,09E=09
2.1 T.ebhE=12 2,%9E~13 Hd,02E=1C 1,07E-10 8,78E=09
2,2 1,05b=11 $,90E=13 4,86E=10 1,15k=10 9,4BE=09
2,3 1,49t=11 H,67E=13% S,09L-10 1,18t=10 1,02E=Ub
S 244 2,04E-11 T,99E=15 H,3%F=10 1,24t=10 1,09E=08
2,5 2.74E=11 1,10E=12 5,53F=10 1,29E=10 1,16E=08
2.6 3,59f=11 1.,47E=12 5,73F=10 1,34E=10 1,23E-08
2,7 0,62E=11 1.9%E=12 hH,98E~10 1,58£E=10 1,30t~08
2.6 L.BaL~11 2,49t~12 6,11E~10 1,43E-10 1,37E-08
2.9 7T.30E=11 3,16E=12 6,29k=10 1,47E~10 1,44E-08
4,0 B,99F«11 3,9%E=12 6,46F=10 1,51k=10 1,5it=08
3,1 1,09b=10 4, B/E=12 6,62E=10 1,55¢=10 1,58E=08
3,2 1,31F=10 95,92E=12 6,/7k=10 1,59t=10 1,65E~08
3,3 1,5%E=10 7,12E=12 6,92k=10 1,62kE=10 1,72E=08
3,4 1,84E-10 B,48E=12 7,06E=10 1,65t=10 1,79E=08
3,5 2,15E=10 1,00E=11 VY, 19E=10 1,69k=10 1,85E=08
3,6 2.,09Em10 1,17FE=11 7,31E=10 1,72E=10 1,92k=08
3,7 2,87E=10 1,56E=11 7,43F=10 1.75E=10 1,99E=03
5,8 3,28F=10 1,57E=11 7,54k=10 1,/7E«10 &,06E=08
3.9 3,73k=10 1.,/9F=11 7T.6d4r=106 1,d80t=10 2,12E-08
4,0 4,21E=10 2,0U4F=11 7,74E«10 1,82b=10 ~2,19E=08
4,1 4,73E=106 2,30F=11 [/ 64k=10 1,B5E«10 2,25t-08
4,0 5H.29F=10 2,59k=11 7,92E=1C 1,87e=~10 2,32E-08
4,3 5,H9E=10 2,90E=11 H,01E=~10 1,89E~10 2,3BE-~08
4,8 6,5¢k=10 3,25e~11 B8,09t=10 1,91E«10 2,44t-08
4,5 T7.21E=10 3,9BE=11 HB,16€~10 1,93k=10 2,51E~08
.6 71,93t=10 3,95k=11 H,<3E=10 1,95k=10 2,57E-08
4,7 B,69E=10 L, 30F=11 H,30E~10 1,9/k=10 2,63E=08
4,56 9,UYE=10 4,7bF=11 HB,S0F=10 1,98k=10 2,69E-08
4,9 1,05£-09 S,P0F=)31 B,42F=10 2,00t=10 2,75E£=~08
5,0 1,12E=09 4 66E=11 B, 4bk=10 2,01k=-10 2,81L~-08

- — v v —p—

e e —————
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The temperature loss due to energy redistribution
among increased electron density resulting from
collisional ionization reactions - and the inverse.

The energy loss due to ionization. The mean ion-
ization energy EB is evaluated continuously as the
specie concentrations vary.

The heating due to the applied electric field
E(volt/cm) is taken as

dT 2.9 2
el _ etu - €t = 19
[ dt]& T (3/2k) 3/2mkv_ = 1.36x10 %; (9K /sec)

where u is the electron drift velocity and Vi is the

1

momentum transfer frequency (sec ~). Values of Vi

are from Ref. 8, reproduced here as Table V.

The heating due to the ionizing source

dT ] u
_e =9 = odlt) (o

q(t) 58,40 (PK/sec),
[ dt source 3/2nek . ne

where uq is the energy deposited in electrons per ion
pair created, taken to be 7.55eV from the discussion

of page 6 above.

The electron energy swarm equation is then solved simul-

taneously with the concentration equations, and the gas temper-
ature TA is obtained from energy conservation, using specific
heats as specified on the Specie cards described in 2.1.1 above.
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REACTION

ELASTIC
ELASTIC
FELASTIC
FLASTIC
ROTATIONAL
ROTATIONAL
VIBRATIGM
VIBRATION
EXCITE
EXCITE 2
EXCITE 1
EXC1iE &
IONIZATION
IONIZATLION

REACTION

ELASTIC
ELASTIC
ELASTIC
FLASTIC
ROTATIONAL
ROTATIONAL
VIBRATIONM
VIERATION
EXCITE
EXCITE ¢
EXCITE 1
EXCITE 2
IONTZATION
IONIZATION

SPECIL.

NE
e
N
0
Ng
02
NP
0e
e
Ne
e
f1e
g
O¢

SPECIE

N¢
0e
N

0

N2
n2
Ne
rieg
[\
N
e
e
N2
O¢

TABLE IV

RELAZATIDN V[MES/SPECIE=
1=

1

4,0

4,24t +1)
B8,0%F+11
b, /TE+11
1,05t+17
2.8HF ¢+11
1.20E+11
¢.cit+09
1,73F410
T.T4E 1Y
1,26L+19
1.,05EL+15
1.5¢0E+19
8,udt+2/
2,07E+20

15.0

1.536+11
4,54r+11
coIBE+1)
$,46F+11
5,51E+11
2,33k+11
3,50E+08
3,32E+410
A.75L+09
1.1/76+41
6,00E+10
2,90E+11
1.59E413
2,44k411

6b,v

2 0TE+1Y
6, /0E+11
h,0FE+]1
1,26E+¢11
5, 09L+}1
1.,476+11
6,52L408
1,69 +10
9,78E+12
3,06+
1,70E+13
4,736+415
1.98E+21}
2. 10E+16

17,4

1,50E¢11
4,18E+11
1,96E+11
5.,09E+¢11
S.94E+11
2.51E+11
3.86E+08
4,05€+10
1,2/E+09
4,51E+10
5.,50E+10
1,16E+11
2.b61E+12
8.08E+10

(SeC/CC)
8,0

2. 04k+11
5.90E+11
3.62E+11
5,69E+11
4,02€+11
1.,70E+11
5. 9BE+08
1.87E+190
3.35E+11
1,59E+15
f.68E+Y2
B,62E415
B,05E+17
1,99 +14

23,2

1., 47E+1}
3,47E+11
1,62E+11
?.53E+11
6,85%t+11
2,89E+11
S.16E+08
6,29L+10
3,80E408
1,00E+10
1.50£+10
2,/7E+410
1,55E+11
1,35E+10

= Temperature (103°K)

10,0V

1.706E411Y
S.41L+81
5,00 411
4,73E+11
4,50E+11
1,90k411
S,308+08
2,18k+10
4,548410

3.61b+12

4,09E+11
7T.63E+12
B,S6E+1S
1.17E+13

34,8

1,39E+11
2,55E+11}
1.31E+11}
2,02E+11
B,39E+11
3,54E+11
9.,22E+408
1,30b+11
1,14E+08
2,19E£+09
6,45E+09
6,52E+09
8,02E4+09
1 ,93E+09

19

12,0

1.65E+11
S5.08E+1t
2.H9E 411
4,09E+11t
4,95kR+11
A, 0BE+11}
3,26E+408
2,5TE+1V
1,10E+10
6,56k +1 1}
1.58E+1)
1,508+412
S.6UL 414
1.72E+1¢2

58,0

1,15E+11
1.79E+11
1,21E+11
1,83E+¢11
1,08E+12
4,58E+11
2,33E+409
3,65E+11
4,58L+07
6.,69E+08
3,50E+09
2.12E409
5,66E+08
2,9TE+08
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TABLE V. : Electron collision frequencies per molecule*

€ (eV) N, O, NO O N H,O
005 | 7.5(-10) 9.7(-9) 2.85(-%)
.007 [ 9.7(-10) 8.0(-9) 2.35(-%)
.01 1.3(~9) 6.7(~9) 1.93(-6)
.015 | 1.87(-9) 5.7(-9) 1.57(-6)
.02 2.43(-9) | 1.2(-%) |5.25(-9) 1.36(-6)
.03 3.53(-9) 1 1.7(=9) |4.7(-9) |6.0(-9) 1.10(-6)
.05 5.65(-9) [2.8(-9) |4.6(-9) |7.2(-9) 8.5(-7)
.07 7.7(-9) |4.0(-9) |4.9(-9) |8.5(-9) 7.2(~7)
.1 1.10(-8) 15.0(-9) [5.9(-9) |1.02(-8) 6.0(-7)
.15 1.60(-8) 16.5(-9) [9.0(-9) |1.3(-8) 4.85(-7)
.2 2,08(-8) {8.6(~9) |[1.4(-8) |1.5(-8) 4.15(-7)
.3 2.90(-8) | 1.32(-8) | 4.0(-8) | 1.8(-8) 3.4(-7)
5 4.15(-8) | 2.16(-8) | 1.2(~-7) | 2.4(-8) [4.3(-9) |2.63(-7)
7 5.1(-8) |3.05(-8) | 1.06(-7) | 2.8(-8) |6.2(-9) 2.25(-7)
1.0 6.0(-8) |4.65(-8) | 9.5(-8) |3.5(-8) |9.5(-9) |1.93(-7)
1.5 8.7(-8) |5.5(-8) |[9.3(-8) |4.4(-8) |1.68(-8) | 1.64(-7)
2.0 1.9(-7) 15.75(-8) | 9.2(-8) | 5.2(-8) |[2.55(-8) | 1.48(-7)
2.2(-7) [6.1(-8B) |9.2(-8) }6.6(-8) |4.1(-8) | 1.30(-7)

5 1.46(-7) [ 7.3(-8) | 9.6(-8) | 9.3(-8) {8.0(-8) | 1.17(-7)
7 1.64(=7) [ 1.02(-7) | 1.}(=7) | 1.17(-7) | 1.03(-7) | 1.13(-7)
10 2.08(-7) | 1.48(-7) [ 1.77(-7) { 1.52(~7) | 1.3(-7) | 1.24(-7)
15 2.75(-7) [ 1.93(7) | 2.6(7) | 2.(-7) | 1.55(-7) | 1.74(7)
20 3.15(~7) { 2.2(-7) | 1.95(-7) 2.27(-7)
30 3.6(-7) |2.6(-7) {3.4(-7) 2.70(-7)

*1(-7) meons 1 x 10~7 cm3/sec. As indicated in the text and in Figure 21-]
the number of significant figures given is not a measure of the reliability of

the data.
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3.0 RESULTS

We report here some results from seven cases studied.

Problem Number One:

An instantaneous pulse of ionizing radiation at ‘time

t = 0 and no external electric field,

a(t) = 7.3x101 76 ()L — = 1.2x10%(t)-SFE— .
cm”sec cmSsec
16

This source results in ne(O) = 2.,16x10 electrons/cm3 at t = 0
at an electron temperature of 58,4000K and a final equilibrated
gas temperature of ~400°., The time-dependence of the electron
temperature is illustrated in Figure 1. The electron concen-
tration (relative to ne(O)) and conductivity, o(sec_l), are

given in Figure 2, where

-1 eznevm 6 n (cm_s)
o(sec ) = —5 5. = 6.43x10 1
m(w +vm ) vm(sec )

for w << Vi the momentum transfer collision frequency, discus-

sed in Section 2.1.3 above.

The electron concentration in relative units -- as in
Figure 2 -- is a fair approximation for other doses, up to values
large enough that the final equilibrated gas temperature is
several thousand degrees. In Figure 2 we also present results of
a single temperature calculation, with the significantly lower

electron concentration at early times.
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From consideration of Table V, it is clear that the low
temperature momentum transfer frequency is dominated by water if
the water vapor concentration is sufficiently high. For example,
at 75% relative humidity in ambient sea level air, the contri-
butions of H20 and N2 to v, are roughly equal near kTe = 0.07eV
or Te ~ 800CK, and at lower temperatures water dominates. Thus,
the dominant effect of water vapor on the low temperature con-
ductivity may be easily accounted for -- decreasing the conduct-—
ivity according to Table V.

Less easy to treat is the E-field heating term in the
electron energy swarm equation -- increasing the water vapor
content corresponds to a slightly weaker field at low temperatures,
In practice, however, when the £-field is important the electron
temperature remains high enough so that the sensitivity to water
vapor is unimportant.

Finally, the long term persistence of relatively high
concentrations of 03, NO and NO2 is important. At 10_5 sec, when

Te = TA = 394°K, practically none of thesg species would be ex-
pected in KTE. Even for the small dose treated here, however,
we find: ‘

(05) = 1.5x101§/cm3

(NO) = 5.5x10

(NO,) = 9.3x10™%

For problems numbered 2-7 the source and field are taken
to be
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a(t) = qo (t/T1), (t<t))
= Qo ’ (1<t <T2)
= 0 ’ (t>1-2)
and E(t) = & , (t <1)
=0 ’ (t >T1)

with 1, = 2x10" %sec and Ty = 10" 8sec.

Problem Two:

qo = 8.1x10%° &L | = 1.3x101%|-2LE
cm secC cm secd
o0
_ _ 6 3
Es =0 , Q -f a(t)dt = 1.2x10%erg/cm
0

Problem Three:

Same as problem two except £, = 103v/cm. Results of
problems two and three are only insignificantly different.
The electron and gas temperatures, Te and TA’ respectively, are
presented in Figure 1 (solid line). Thus, the electron temper-
ature is driven by the source, not the field -- for the chosen
values. The conductivity, o(sec-l), is given in Figure 3.

Problem Four:

Same as problem three except &o = 104v/cm. The temper-
atures are in Figure 1 (dashed 1line) and the conductivity in
Figure 3. For this field strength, the electron temperature

is dominated by terms (3) and (4) of the energy swarm equation --
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balancing the field heating against the loss due to collisional

ionization. The result
temperature of ~11,000°

is an approximately constant electron -
and a roughly constant electron product-

ion rate and rapidly rising conductivity until the field is

turned off at t = 2:'{10_9

approach the field-free

sec, after which the solutions quickly
case, except for the larger gas temper-

ature obtained. The energy added by the field is 6.1x106erg/cm3.

Problem Five:

Qo = 8.1x1026[——gv—] = 1.3x1014[—e—r3§—]

o«

cm sec cm sec

Q= q(t)dt = 1.2x107erg/cm3

0
Eo = O

Problem Six:

Same as problem
results of problem five
peratures are in Figure
Figure 5.

Problem Seven:

Same as problem
marks apply here as did

. . 7 ‘
values differ. The total energy added by the field is 1.24x10'erg/cm

five except £ = 103v/cm. Again, the
and six are essentially the same. Tem-
4 (solid line) and the conductivity in

six except &y = 104v/cm. The same re-
to problem four -- only the numerical
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4.0 CONCLUSIONS

Results such as those we have summarized here are useful
in delimiting domains of applicability of simpler electron tem-
perature models -- such as field-driven, source-driven, and
instantaneous -- and the time dependence of deviations therefrom.
The detailed specie concentrations we have obtained may be use-
ful to estimate spectral radiant emissions from air perturbed

in such a fashion.
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